Displacements and failure forms around mine openings (Ingassana chromite mines, Sudan) by Babiker, Tag Eldin Eltayeb
ﻢﻴﺣﺮﻟا ﻦﻤﺣﺮﻟا ﷲا ﻢﺴﺑ 
 
 
 
Displacements and failure 
forms around mine openings 
(Ingassana chromite mines, Sudan) 
 
By 
 
 TAG ELDIN ELTAYEB BABIKER 
                       
 
A thesis submitted to the University of Khartoum 
   For the degree of Doctor of Philosophy (Ph.D) 
                        In Mining Engineering 
 
 
Department of Mining Engineering 
Faculty of Engineering and Architecture 
                
                          University of Khartoum  
 
 
 
 
November 2004 
 
 
 
                                                    
 
 
 
 
 
 ﺒﺴﻡ ﺍﷲ ﺍﻟﺭﺤﻤﻥ ﺍﻟﺭﺤﻴﻡ
 
 
 
 
 
 
 
  "ﻭﻗﻞ ﺭﺏ ﺫﺩﻧﻰ ﻋﻠﻤﺎ"
 
 ﺻﺪﻕ ﺍﷲ ﺍﻟﻌﻈﻴﻢ  
 
 
 
 
 
                        Acknowledgments 
 
I gratefully acknowledge the considerable assistance and encouragement of 
Professor Hamid Ahmed Elhag and Dr Hamid Jasim Elisawi for their 
invaluable assistance which includes the experimental and theoretical part of 
this work. 
I am extremely grateful to Dr. Mohammed Ahmed Osman, the Supervisor 
whose discussions, guidance, comments, suggestion, encouragement and 
friendly advice contributed much to the termination of this work.      
My extreme gratitudes go as well to Dr Hussein Ahmed Elarabi, the co- 
Supervisor for his sincere and fruitful advice at each step that led to the 
accomplishment of this work. 
I would also like to thanks professor C.T.Shaw Department of Mining, 
Imperial College for his invaluable assistance and suggestion. 
I acknowledge with profound gratitude the gracious assistance that was 
offered by the staff of the department and their endless patience which 
directly contributed towards the presentation of this thesis. 
Finally thanks are due to the staff of the Faculty for their cooperation and 
support.      
 
 
 
 
 
 
 
 
 
 
  
                
  
 
 
 
 
 
 
 
Table of Contents 
 
 
                                                                                           Page 
Acknowledgment ……………………………………….     I 
Abstract …………………………………………………    V  
Abstract in Arabic……………………………………….   VII 
List of Figures ………………………………………….    VIII 
List of Tables …………………………………………...    IX 
Notations ………………………………………………..    IX 
 
Chapter One                        Introduction 
  
        1.1 Background…………………………… ..      
       1.2 Objective ……………………………… ..                 3  
       1.2.1 Parameters……………………………  ..                3 
       1.2.2 Model Test…………………………...   ..               3 
       1.3Scope of work ……………………                             4                               
  
Chapter Two                      Literature Review 
 
       2.1    Introduction……………………………………….   6 
       2.1-1 Geology of the Ingassana area ………………          6  
       2.1-2 Displacements of the mine openings……                 7 
       2.2    Modeling ………………………………                   7 
       2.2-1 Model material…………………………                   8 
       2.2 -2 Application of model in rock  
                 mechanics …………………………….                   11                
       2.2-2-1 Numerical analysis………………….                   11          
       2.2-2-2 Physical model studies………                               15 
 
Chapter Three                   Model Material 
 
        3.1   Introduction ……………………………….             28              
        3.2 Choice of model material………………….               28 
1
        3.2.1 Material Requirements………………….. ….         28 
3.2.2 Selection of model material………………….        29     
       3.2.2.1 Characteristics of the model material… ….         29 
       3.2.2.2Appratus for preliminary test…………….           29 
       3.2.3 Properties of sand with used motor oil………..        33 
     33    3.23.1 Properties of the used motor oil……………      
       3.2.3.2 Sand (.08 < x< 0.42mm)…………………..        35 
   3.2.3.3 Specification of the sand………………… …........   37 
   3.2.3.3-1 Sand mixed with used motor  
                  oil properties……………………………. ………  37 
     3.2.3.3-1-1 Tests used in the sand mixed 
                 with used motor oil……………………...............    37 
    3.2.3.3-1-2 Angle of friction between belt  
                and model material (δ)……………………………    37 
   
    3.2.3.3-1-3   Selection of the surface roughness  
               (Friction angle)…………………………………. .     38  
    3.2.3.3-1-3-1 Introduction…………………………              38  
    3.2.3.3-1- 4 Angle of internal friction and cohesion…          39 
    3.2.3.3-1-5   Young's modulus (Е), Poisson's ratio (υ) .        41 
    3.2.3.3-1-6 Unconfined compressive strength (σuc)…         42 
    3.2.3.3-1-7 Properties of the model material used……        43 
    3.3 Base friction method……………………………            44 
    3.3.1 Construction of the model……………………            44 
    3.3.2 Base friction apparatus………………………             47 
    3.3.3 Parameters of the model……………………               48 
 
     
Chapter Four              Model test set up 
 
      4.1 Introduction.......................................................           51         
      4.2 Model demonstration …………………………          55     
      4.3 Test procedure ……………………………......           56 
      4.3.1 Experiment set up…………………………..            56  
      4.3.2 Experimental procedure … ………………...           56  
       4.4 Parameters under study……………………….          57 
 
Chapter Five            Results and Discussion 
 
       5.1 The case of physical model........................                 58 
       5.1.1 Introduction............................................                  58 
        5.1.2 Parameters studied in the model.............                 58 
        5.1.3 Displacements and failure forms...........                  58 
        5.1.4 Test results................................................               59 
        5.1.4.1 Effect of the height of overburden to width 
                    of the openings…………………………              59 
        5.1.4.2 Effect of pillar (zone influence) on height 
                     of collapse....................................                        62      
           
 
          5.1.4.3 Effect of cross-sectional area on height 
                       of collapse....................................                     70                      
5.1.4.4 Effect t of the overburden heights 
                    on height of collapse………………..                   73        
          5.1.4.5 Effect of the width of the openings 
                     on height of collapse…………………               76 
          5.1.4.6 Effect of the height of the opening (ho) 
                       on height of collapse ……………                    79 
          5. 2 Finite element applications…………………         82 
          5.2-1 Introduction …………………………                 82 
          5.2-2 Finite element technique……………                   82 
          5.2-3 Formulation of elements properties…                  83 
          5.2-4 Steps of the solution …………………                84 
          5.2-5Computer program …………………….               85 
          5.2-6 Program used…………………………                85 
          5.2-7 Openings analysis……………………                 86 
          5.2-8 Numerical results…………………                      87 
 
Chapter Six     Conclusions, Applications and Recommendations   
         6.1Introduction…………………………………            94 
         6.2 Conclusion…………………………………            94      
         6.3 Application to the openings in Ingassana 
            chromite mines ………………………………          96  
         6.4 Recommendations……………………………         97   
         Appendix A………………………………………         98 
         Appendix B………………………………………        123     
         Appendix c……………………………………….        136 
Reference ……………………………………………...        162 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
   
The thesis deals with the physical and numerical  analysis of the caving-in 
problem of the Ingassana chromite mines located in the Blue Nile State A 
literature reivew related to the thesis was prepresented.For physical 
modeling the base friction model is used.The main principle of the base 
friction model concept is to replace the effect of gravity by the friction force 
of a dragging endless belt.The dragging belt of the model is built 
horizontally. The model materials used consist of sand and used motor oil. 
The following results and conclusions were arrived at:     
    Model material consists of a mixture of 100% by weight of local sand size 
(0.08< x <0.42mm.), 1.5% used motor oil is used for wide range of strength 
depending on the base friction coefficient.  
  The base friction apparatus, which is capable of controlling water pressure, 
is useful tool for studying two-dimensional lateral loading for complex rock 
structures which is difficult to analyze theoretically.  
   The applications of finite element (F.E) technique to mining engineering 
and the field of rock mechanics is of major importance. Once relationships 
related to the properties of the prototype or model materials are determined, 
the F.E will yield quick and logical results. 
     The shape of trapezoidal opening has the disadvantage to withstand 
stresses compared with the circular opening. The trapezoidal openings with 
large width or height, are noted to develop fracture roof and floor. Also it 
was found that from the experiments the circular opening with the same 
width or height withstands stresses better than trapezoidal opening.  
     The stability of both circular and trapezoidal openings is influenced by 
width, height and cross-sectional shape of the opening. It can be said that the 
most significant factors affecting the final stress and/or displacement of 
underground openings are the opening shape, width, height; material 
properties and cross-sectional area. Proper determination of these parameters 
will ensure a sound evaluation of the behavior of an opening.      The 
displacement of the opening is proportional to the width, height and cross-
sectional area. 
       When the trapezoidal opening section of the model is decreased the 
height of the collapse behaves like in a circular shape (the cross-sectional of 
the two areas are always the same). 
 
 It should also be noted that the stress in the pillar increases as the pillar 
width decreases. The ratio between pillar size Wp and the width of the 
opening Wo (Wp/ Wo) should be greater than one.      
The suitable parameters of the Ingassana chromite mines are as follow: 
     Circular shape is the best to withstand stresses compared with the     
trapezoidal one and is subjected to less deformation (stronger of the two 
shapes).  
    Three or less than three meters diameter of the opening could result in 
greatly improved condition of Ingassana hills mines.  
   The best pillar size, which can be used at the Ingassana chromite         
mines, is equal to two times or more the diameter of the opening.  
    The height of the circular overburden with the above-mentioned 
conditions ranged between 15-30 meters.       
The base friction apparatus can be used for simulating any type of rock    to 
determine the same above-mentioned parameters.                                 
     The few examples of application of finite element method show its wide 
applicability, and indeed its characteristics which make it a particularly 
suitable analysis tool in the field of mining. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 اﻟﺨﻼﺻﺔ
  
 ﻟﺪراﺳﺔ ﻇﺎهﺮة اﻻﻧﻬﻴﺎرات اﻟﺘﺤﻠﻴﻞ اﻟﻌﺪدى ﺟﺔ اﻟﻔﻴﺰﻳﺎﺋﻴﺔ وﺬ ﻃﺮق اﻟﻨﻤﺗﻨﺎوﻟﺖ هﺬﻩ اﻻﻃﺮوﺣﻪ اﺳﺘﺨﺪام
آﻤﺎ ﺗﻢ اﺳﺘﻌﺮاض . اﻷزرقﻞ ﻓﻲ ﻣﺤﺎﻓﻈﺔ اﻟﻨﻴ اﻟﺘﻲ ﺗﻘﻊ ﺣﻮل اﻟﻔﺘﺤﺎت اﻟﻤﻨﺠﻤﻴﺔ ﻟﻤﻨﺎﺟﻢ ﺟﺒﺎل اﻻﻧﻘﺴﻨﺎ
اﺳﺘﺒﺪﻟﺖ   ﺣﻴﺚﻲﻻﻧﻬﺎﺋﺗﻢ اﺳﺘﺨﺪام ﺟﻬﺎز اﺣﺘﻜﺎك ﺑﺴﻴﺮ .   اﻟﺮﺳﺎﻟﺔ آﺘﺒﺖ ﻋﻦ هﺬا اﻟﺘﻲاﻟﻤﻮاﺿﻴﻊ 
آﻤﺎ ﺗﻢ . اﻟﻨﺎﺗﺠﺔ ﻋﻦ اﻟﺤﺮآﺔ اﻟﻼﻧﻬﺎﺋﻴﺔ ﻟﺠﻬﺎز اﻻﺣﺘﻜﺎك اﻟﺬي وﺿﻊ أﻓﻘﻴﺎاﻟﺠﺎذﺑﻴﺔ ﺑﻘﻮى اﻻﺣﺘﻜﺎك
ﻋﻠﻰ ذﻟﻚ ﺗﻢ اﻟﺘﻮﺻﻞ ﻟﻠﻨﺘﺎﺋﺞ   وﺑﻨﺎء .اﺳﺘﺨﺪام ﻣﺎدة ﻧﻤﺬﺟﺔ ﺗﺤﺘﻮى ﻋﻠﻰ رﻣﻞ زﻳﻮت ﻣﺎآﻴﻨﺎت ﻣﺴﺘﻌﻤﻠﺔ
  -:ﺎﻟﻴﺔ واﻻﺳﺘﻨﺘﺎﺟﺎت اﻟﺘ
   ﻣﻦﻞوﺑﻤﻘﺎﺳﺎت اﻗوزن % 001ﻞ اﻟﻤﺤﻠﻰ ﺑﻨﺴﺒﺔ  ﻣﻦ ﻣﺰﻳﺞ ﻣﻦ اﻟﺮﻣاﻟﻨﻤﺬﺟﺔﺗﺘﺂﻟﻒ ﻣﺎدة  
  0 ﻣﺴﺘﻌﻤﻠﺔتﻣﻦ زﻳﻮت ﻣﺎآﻴﻨﺎ% 5.1 آﻤﺎ ﺗﻢ ﺧﻠﻄﻬﺎ ﺑﻨﺴﺒﺔ ﻣﻢ24.0واآﺒﺮﻣﻦ0 ﻣﻢ 80.0
ﻟﺘﺮاآﻴﺐ اﻟﺼﺨﻮر اﻟﻤﻌﻘﺪة آﻤﺎ  ﺎﻟﻤﺎء ﻳﻌﺘﺒﺮ أداة ﻣﻘﺒﻮﻟﺔ ﻟﺪراﺳﺔ اﻟﺒﻌﺪ اﻟﺜﻨﺎﺋﻲﺑ ﺑﺎﻟﺘﺤﻜﻢﺟﻬﺎز اﻻﺣﺘﻜﺎك 
  ا ﺑﺸﻜﻞ ﻧﻈﺮيﺳﻬﻞ هﺬا اﻟﺠﻬﺎز ﺣﻞ هﺬﻩ اﻟﻤﺸﻜﻠﺔ واﻟﺘﻲ آﺎن ﺣﻠﻬﺎ ﻣﻌﻘﺪ
إذا ﻣﺎ ﺗﻢ  اﺳﺘﻌﻤﺎل ﺗﻘﻨﻴﺔ اﻟﻌﻨﺼﺮ اﻟﻤﺤﺪود ﻓﻲ هﻨﺪﺳﺔ اﻟﺘﻌﺪﻳﻦ وﺣﻘﻞ ﻣﻴﻜﺎﻧﻴﻜﺎ اﻟﺼﺨﻮر أﻣﻜﻦ اﺳﺘﻌﻤﺎﻟﻬﺎ 
 .اﻟﺘﻌﺮف ﻋﻠﻰ ﺧﻮاص اﻟﻤﺎدة اﻟﻤﺮاد اﺳﺘﻌﻤﺎﻟﻬﺎ وهﺬﻩ اﻟﻄﺮق ﺗﻌﻄﻰ ﻧﺘﺎﺋﺞ ﺳﺮﻳﻌﺔ وﻣﻀﺒﻮﻃﺔ
ﻧﺖ ﺑﺎﻟﻔﺘﺤﺎت ذات  ﻣﺎ ﻗﻮرإذاﻟﻼﺟﻬﺎدات  ﺗﺤﻤﻼﺗﻌﺘﺒﺮ اﻟﻔﺘﺤﺔ اﻟﻤﻨﺠﻤﻴﺔ ذات اﻟﺸﻜﻞ ﺷﺒﻪ اﻟﻤﻨﺤﺮف اﻗﻞ 
  .اﻟﻤﻘﺎﻃﻊ اﻟﺪاﺋﺮﻳﺔ واﻟﺘﻲ ﻟﻬﺎ ﻧﻔﺲ ﻣﺴﺎﺣﺔ ﻣﻘﻄﻊ اﻟﻔﺘﺤﺔ ذات اﻟﺸﻜﻞ ﺷﺒﻪ اﻟﻤﻨﺤﺮف
وﻳﻤﻜﻦ . ﺗﺘﺄﺛﺮان ﺑﻌﺮض وارﺗﻔﺎع اﻟﻨﻔﻖ وﻣﺴﺎﺣﻪ اﻟﻤﻘﻄﻊ(  ﺷﺒﻪ اﻟﻤﻨﺤﺮف–اﻟﺪاﺋﺮﻳﺔ )ﺛﺒﺎت آﻼ اﻟﻔﺘﺤﺘﻴﻦ 
 اﻟﺼﺤﻴﺢ ﻟﻬﺬﻩ واﻻﺧﺘﻴﺎر. اﻟﻘﻮل ﺁن  أآﺜﺮ اﻟﻌﻮاﻣﻞ ﺗﺄﺛﻴﺮا ﻋﻠﻰ ﺛﺒﺎﺗﻬﺎ وإزاﺣﺘﻬﺎ هﻲ ﻣﺴﺎﺣﺔ اﻟﻤﻘﻄﻊ 
  .أﻓﻀﻞاﻟﻌﻮاﻣﻞ ﻳﻤﻜﻦ ﻣﻦ اﺧﺘﻴﺎر ﻓﺘﺤﺎت 
  .اﻹزاﺣﺎت ﺗﺘﻨﺎﺳﺐ ﻃﺮدﻳﺎ ﻣﻊ اﻟﻌﺮض واﻻرﺗﻔﺎع وﻣﺴﺎﺣﺔ ﻣﻘﻄﻊ اﻟﻔﺘﺤﺔ اﻟﻤﻨﺠﻤﻴﺔ
ﺮة ارﺗﻔﺎﻋﺎﺗﻬﺎ ﻓﺎن اﻧﻬﻴﺎراﺗﻬﺎ  ﻐإذا آﺎﻧﺖ ﻓﺘﺤﺎت ﺷﺒﻪ اﻟﻤﻨﺤﺮف ذات ارﺗﻔﺎﻋﺎت ﺻﻐﻴﺮة ا وآﻠﻤﺎ ﺻ
  .ﻟﻤﺴﺎوي ﻟﻬﺎ ﻓﻲ ﻣﺴﺎﺣﺔ اﻟﻤﻘﻄﻊ ﻤﻴﺔ ذات اﻟﺸﻜﻞ اﻟﺪاﺋﺮي اﺠﺗﺸﺎﺑﻪ اﻧﻬﻴﺎرات  اﻟﻔﺘﺤﺎت اﻟﻤﻨ
 ةاﻻﺟﻬﺎدات ﻋﻠﻰ اﻷﻋﻤﺪة ﺗﻜﺒﺮ ﻋﻨﺪﻣﺎ ﺗﺼﻐﺮ اﻟﻤﺴﺎﻓﺔ ﺑﻴﻦ اﻟﻔﺘﺤﺎت وﻳﺠﺐ ﺗﺠﻨﺐ هﺬﻩ اﻟﻨﺴﺒﺔ اﻟﺼﻐﻴﺮ
 وان اﻟﻔﺘﺤﺘﻴﻦ ﺗﻜﻮﻧﺎن ﻏﻴﺮ ﻣﺮﺗﺒﻄﺎن إذ آﺎﻧﺖ اﻟﻨﺴﺒﺔ OW  وﻋﺮض اﻟﻔﺘﺤﺎت PWﺑﻴﻦ ﺣﺠﻢ اﻷﻋﻤﺪة 
  .  اآﺒﺮ ﻣﻦ واﺣﺪ  OW/PW
  -:ﻤﻨﺎﺳﺒﺔ ﻟﻤﻨﺎﺟﻢ اﻟﻜﺮوم ﺑﺎﻻﻧﻘﺴﻨﺎ آﻤﺎ ﻳﻠﻲ إن ﻣﻘﺎﺳﺎت وﺷﻜﻞ اﻟﻔﺘﺤﺎت اﻟﻤﻨﺠﻤﻴﺔ اﻟ
 اآﺒﺮ إذا ﻣﺎ تاﻟﺸﻜﻞ اﻟﻤﺴﺘﺪﻳﺮ ﻟﻠﻔﺘﺤﺎت اﻟﻤﻨﺠﻤﻴﺔ وهﻮ اﻷﻓﻀﻞ و اﻟﺬي ﻳﻤﻜﻦ أن ﻳﺘﺤﻤﻞ اﺟﺘﻬﺎدا
  .ﻗﻮرن ﺑﺎﻟﻔﺘﺤﺔ اﻟﻤﻨﺠﻤﻴﺔ ذات  اﻟﺸﻜﻞ ﺷﺒﻪ اﻟﻤﻨﺤﺮف 
 .إن ﺛﻼﺛﺔ أو اﻗﻞ ﻣﻦ ﺛﻼﺛﺔ أﻣﺘﺎر ﻗﻄﺮ ﻟﻠﻔﺘﺤﺔ اﻟﻤﻨﺠﻤﻴﺔ ﻳﺤﺴﻦ ﻣﻦ ﻇﺮوف اﻟﻌﻤﻞ 
 ﻳﺠﺐ أﻻ ﻳﻘﻞ ﻋﻦ ﺿﻌﻒ ﻗﻄﺮ اﻟﻔﺘﺤﺔ اﻟﻤﻨﺠﻤﻴﺔ( ﺳﻤﻚ اﻟﻌﻤﻮد)اﻟﻔﺘﺤﺘﻴﻦ اﻟﺒﻌﺪ ﺑﻴﻦ 
   ﻣﺘﺮا03-51أﻋﻤﺎق اﻟﻔﺘﺤﺎت اﻟﻤﻨﺠﻤﻴﺔ ﻳﺠﺐ أﻻ ﻳﺰﻳﺪ ﻋﻦ 
   أﻧﻮاع اﻟﺼﺨﻮر  وﻟﻘﻴﺎس اﻻﻧﻬﻴﺎرﺟﻬﺎز اﻻﺣﺘﻜﺎك اﻟﺬي ﺗﻢ اﺳﺘﺨﺪاﻣﻪ ﻳﻤﻜﻦ اﺳﺘﻌﻤﺎﻟﻪ ﻟﻜﻞ
  .ﺠﺎل هﻨﺪﺳﺔ اﻟﺘﻌﺪﻳﻦاﻷﻣﺜﻠﺔ اﻟﻘﻠﻴﻠﺔ ﻟﺘﻘﻨﻴﺔ اﻟﻌﻨﺼﺮ اﻟﻤﺤﺪود اوﺿﺤﺔ إﻣﻜﺎﻧﻴﺔ اﺳﺘﺨﺪاﻣﻬﺎ ﻓﻲ ﻣ
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CHAPTER ONE 
    Introduction 
   
1.1 Background: 
The Ingassana hills lie in the south-east of Sudan, near to Sudanese- 
Ethiopian borders situated between latitudes:11º 16' N- 11º 31' N and the 
longitudes: 33º 34'E -34º E.The region is connected with EL Rosaries,  and 
Damazin towns by seasonal earth roads. The ultra basic mass rocks of 
Ingessana comprise ridges of serpentines, dunites, peridotites, pyroxenites 
and talc – carbonate rock . 
The chrome deposits of the Ingassana hills region was discovered in 196o by 
the Geology & Mineral Resources Department. 
The chrome occurs in these ultra-maffic rocks as dykes in places and lenses 
in others as well as in irregular forms and disseminations. Structurally it has 
been affected by later tectonic activity in the region.  
   
Chromite is by far the most important  mineral in the area from an economic 
viewpoint . Till now  approroximatcly 150 orebodies and chromite 
occurences have been discovered.According to the calulations,the reserves 
of the area total approroximatcly 700.000 tons of chrome .The orebodies 
vary considerably in size . In general they are 20 to 25 meters long , 1 to 3 
meters thick with the following properties (taken from the reports of the 
mine): 
Bulk density                                              3.8- 4.1 t/m³  
Unonfined compressive strength               205   kpa  
Young's modululs                                       400- 600 Gpa 
Poisson's ratio                                             0.2-0.24  
Coefficient of (Protodyknof) strength        13- 14 
  
Both underground and open cast mining methods are applied in the 
extraction of the chromite ore from Ingassana hills. The choice of the mining 
method depends mainly on the nature of the country rock and the geological 
setting of the ore body being mined.   
Man- made voids and cavities in the subsurafce under unfavourable 
conditions are likely  to cause deformtion and failure of roof strata of the 
mine. 
These cavities are at shallow depths  (15- 30- meters)  in the area of old 
chrome mines at the Ingassana hills in Sudan.   
The strata above these cavities consist mainly of soft rocks , such as 
weathered or fractured talc .Due to the effect of ground water or surface 
loading , the roofs of cavities deteriorate and collapse , or the pillar may be 
crushed with time and roof collapse may eventually migrate to the surface 
and cause cave-in . These phenomena remain a severe social and ecnomic 
problems  at the Ingassana hills areas.  
The mining method used is “room and pillar system” and the annual 
production is about 10,000 tons of chromite. Plans are currently being drawn 
to enhance the capacity of the existing mines and open new ones to increase 
production to about 20,000-25,000 t/y. The Ingassana chrome ores have 
been categorized into three grades, on the basis of  Cr2O3 content: 
1.  High grade (metallurgical grade)                       Cr2O3>48%. 
2. Medium grade                                             48%>Cr2O3>35%. 
3. Low grade                                                            Cr2O3<35%. 
The ores exploited so far from the Ingassana hills are of the high-grade 
category, with Cr2O3 > 48%, a high Cr : Fe ratio and low silica content. Ore 
bodies whose chemical composition does not meet these specifications are 
left in–situ or blended with the very high-grade ores in such proportions as 
to meet the specifications. 
There are twenty old chromite mines in the district that are observed to have 
10 – 15 cave – ins every year  in the areas where ores have been excavated. 
Cave – in tends to occur during the rainy season (March - November) at the 
time of heavy rainfall with an annual precipitation of 650 to 750mm. Cave – 
in and  failure during the rainy season are shown in Fig (1.1-1)     
The relationship between number of  cave – in and intensity of rainfall is 
directly proportional (taken from the annual reports of the mine). This is due 
to increase of the bulk density and decrease of the shearing resistance due to 
the occurrence of pore water pressure and decrease of the wet rock strength. 
For the planning of underground openings it is of a considerable importance 
to understand the state of stress distribution in the rock mass due to 
formation of openings resulting in stress-state within the rock mass stress in 
and around the openings. 
Determination of the  stress distribution pattern which will occur with 
changes in the excavation geometry and magnitude of mineral safety,is 
essential to understand the failure phenomena of the mine. 
Therefore it is important to clarify the mechanism of the deformation of the 
mines roof through an engineering solution which is expected to involve 
physical and mathematical modeling. . 
The study of the subject with different models gives us a chance to 
understand the effects of various parameters such as, in–situ stress, friction 
angle, and shape of the excavation. 
 
 
 
 
 
1.2 Objective: 
 
The objective of this research is to analyze and predict the displacements 
and failures qualitatively and quantitatively above and around underground 
mine openings and to study the effect of various parameters on the 
displacements and failure forms occurring in and around ore mines at the 
Ingassana hills in Southeast Sudan.   
 
1.2.1 Parameters: 
  
The parameters concerned in this study involve the following: - 
1- single opening                    
2 - various shapes of openings: 
-  Circular        
-  Trapezoidal  
3-The geometry of the openings 
4-Overburden height  
5 -Rock quality 
6-Stress-state within the body of the rock 
7-The rock material properties (angle of friction,density,Young’s modulus 
and     Poisson’s ratio) 
 
 1.2.2 Model test   
 
The study is to be conducted on a physical model namely  ''Base Friction 
Model'' whose observation and findings are to be complemented by an 
analytical or numerical study in order to compare the results of these two 
methods  '' Physical modeling '' and ''Analytical or Numerical methods ''.  
To achieve these objectives a physical  ''Base Friction model’’ was 
constructed on which the various experimental studies were made.  
The model geometry and material requirements have to be precisely chosen 
in order to ensure reproducibility of behaviour.  
The correlation between these results and the result of analytical or 
numerical studies is an important target of this research.  
 
 
 
 
 
 
1.3 Scope of work 
A literature review pertaining to the subject  of the thesis is presented. This 
includes:   
   The geological background of Ingassana Mountains in South Blue Nile 
State. 
   The parameters related to the stability of the mine opening.  
        Data collection and basic understanding of the fundamentals, principles 
and requirements of the concept of physical modeling to secure the 
necessary requirements of the work.  
   Full understanding of the phenomena of choosing a model material and the 
correlation parameters of its physical and mechanical properties with those 
of an actual material in the field This involves: 
   The determination of model material parameters. 
   The execution of laboratory experiments to determine the precise    
physical and mechanical properties of the chosen model material to be used 
in the'' Base Friction Model''.   
                  The construction of the base friction model in order to put it in a working 
condition.  
          The execution of a series of experiments on this model using the chosen 
model material with emphasis on the exact definition of experimental 
procedure to ensure reproducibility and hence to increase confidence and 
reliability of experimental results. Various tests are to be made for each of 
the parameters mentioned earlier as variables in order to infer some tendency 
or rule regarding each parameter based solely on experimental results. 
        An analytical or numerical model will be chosen and all the examples 
solved experimentally will be analyzed using the analytical model. 
 
    These experimental results are then compared with the relevant results of the 
analytical or numerical methods and correlation coefficient are obtained. 
Conclusions and remarks will be made from the results obtained. 
Development of a methodology for rock mechanics analysis and design of 
the mine using simple tools (base friction, design charts, and field 
measurements). 
Recommendation for further research in the subject will be outlined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                
        Fig1.1-1 Several examples of cave-ins during the rainy season 
                                          
 
                                              CHAPTER TWO 
         Literature Review 
 
2.1 Introduction 
This chapter is intended to review the literature related to the subject of this 
thesis. Brief review of the geological formation of Ingassana Mountains is 
given. This includes the geological history, the mineral composition and the 
mining methods. A statistical study concerning the mines in the area is 
presented.The chapter also reviews the literature pertaining to the problem of 
failure of mines and the researches related to this topic. Based upon the 
geological data and the researches published by different investigators, a 
suitable model for the simulation of the mine openings problem is given.  
 
2.1-1Geology of the Ingassana area 
The Ingassana Hills consist mainly of ultra basic rocks. This is the largest 
complex so far known in ultra basic belt in Sudan. 
The Ingassana Hills rise from the surrounding savannah (about 700 m 
above mean sea level up to an elevation of maximum 1,200 m above 
mean sea level) and extend towards north-south and east-west over a 
distance of some 30 km. 
The Precambrian (Potassium-Argon age determination 850± million 
years) consist of gneisses, schist, marble and quartzites. 
The intrusion of the ultra basic complexes (dunite, hazburgite ect) is 
controlled by multiphase structural activities,e.g. north-northeast and 
northwest trending folds and faults. Apart from these ultra basic rocks 
these exist metagabbros, epidiorites, pyroxenites mainly as late-stage 
dikes, other dike rocks as granophyre, albitophyre, diorite, aplite and 
younger granite (Potassium-Argon age determination430±million years)  
The chromite ore bodies occur  predominantly  in the dunite facies zone . 
Most of the ore  bodies in the complex facies of the western Ingassana Hills 
and in the Eastern Ring are often compact-massive and densely 
disseminated. The ore bodies are differing considerably in shape; they occur 
as veins, lenses and pockets as well as in the form of disseminated-banded 
ore type. The ore  bodies vary considerably in size .In general they are 20 to 
50 m in strike, 1 to3m thick and extend over 30 to100m in dipping direction 
. 
The following properties of the ore as are taken from the reports of the mine: 
Bulk density                                          3.8- 4.1 T/m³ 
Confined compressive strength            205 kpa  
Young's  modulus                                   400- 600 Gpa 
Poisson's  ratio                                        0.2-0.24  
Coefficient of (Protodyknof) strength    13- 14  
The Cr2O3 content of chromite ores varies greatly throughout the area, 
ranging from 25% to 60% .The main mining method used at the mines is 
“room and pillar system” 
 
2.1-2 Displacements of the mine openings 
As it is mentioned in chapter 1.1of this thesis there are twenty chromite 
mines in the district that has 10 – 15 cave -ins type of failure every year.The 
cave-ins type of failure is internationally treated by addion of supports.This 
method is costly and cannot be afforded in the case of Ingassana hills 
mines.This necessitate adoption of other methods that will be studied in this 
thesis.  
The work described in this thesis forms a program to study the movement 
around the mine openings at the Ingassana hills. 
The different approaches adopted for the study of this problem comprise 
e.g. closed form solutions, physical modeling and mathematical solutions 
 
2.2 Modeling 
 Models such as physical, numerical and analytical are now used 
extensively by engineers and geologists for solutions of many phases of 
rock engineering problems. They are devoted to several purposes, this 
include:  
1-Provide three-dimensional picture of the prototype model clarify the result 
of geological exploration as an aid in geological study. 
      2- Reproduce geometric features to a sufficiently large scale to establish the 
failure modes that are not dynamically scaled. 
         3- Establish whether or not a specific design appears safe and indicate the 
order of magnitude of expected deformations. 
         4- Provide basis for checking the validity of theoretical model. 
The element properties are scaled in accordance with dimensional requirements to 
achieve dynamic and geometric similitude. 
The choice of model material must represent a compromise in which all factors 
bearing on the results are considered and weighed according to their  importance and 
the necessary distortions related to the least important quantities. For this reason a 
modeling material can not be for all purposes. Many papers and theoretical 
background references relevant have been investigated and cited in the different lines 
and topics relevant to this research work. The main topics of this research include 
model material, numerical analysis and physical modeling.  
    
2.2-1 Model Material  
This section of the thesis gives a brief account of  the different model 
materials used in physical modeling, the study and definition of their 
physical and mechanical properties and the choice of suitable model 
material. The following references and research papers have been cited in 
this respect.  
            
  D.W. Hobb [11] gave a brief account of application of dimensional analysis 
to scale model roadway. He used Buckingham’s theorem, which states "that 
as complete equation can be reduced to a functional relationship between a 
complete set of independent dimensionless parameters". 
In a search for suitable model material a mixture of sand, plaster and water 
was used with the following ratio respectively (9: 6: 5), (2: 1: 1) and (11: 4: 
9)         
The roadway built from  material with a compressive strength of 85kg/ cm2 
closed completely at an applied pressure of  approximately 240kg / cm2 
It is also noted by Hobb[11]  that as the model material strength decreases 
the vertical closure, roof lowering, floor lift, pack closure and sideways 
closure all increase. 
Obert and Duwall [26] stated that rock models can be made of a single  
composite material. For simulating complex prototype structure, such as  
laminated mine roof, or a mine pillar in bedded rock the model material can  
be made from composite material. These models have been used to study the  
properties of different rock types subjected to various conditions of load or  
states of stress 
However, to satisfy similitude requirements, not only the strength but the elastic properties of the synthetic model materials must 
scale to those of prototype rock, a condition that is not easy to achieve. 
Model for destructive testing are made from two kinds of materials – either 
the same material as the prototype (which in this case is rock), or a synthetic 
material, such as mortars, ceramics or plasters with properties that are scaled 
to those in the prototype. 
 
The investigators [26]pointed out the following remarks: 
 Poisson's ratio(υ) will have the effect on model-prototype similitude. 
        Synthetic materials, such as plaster, mortars, and ceramics cast into desired shape would simplify model testing and the 
mechanical properties of synthetic   materials must satisfy model prototype requirements. 
The effect of body forces cannot be neglected if the underground structure is at a shallow depth (15-30 meters). 
 
Orbert and Duwall [25] pointed out that the fundamental dimensions of physical quantities in mechanics are usually taken as 
mass, length and time and are denoted by M, L, and T and dimensions of other physical quantities follow immediately from their 
definitions. Also they stated that all similitude and model studies should be based upon a dimensional analysis so that the results 
obtained can be applied to the prototype with confidence. 
         
D.W. Hobbs [9] presented in his paper the dependence of the closure of a 
supported center gate roadway upon rock strength. 
Eight roadway models were tested. Five of the models were constructed 
from materials of different strengths but with equal floor and roof strength. 
In the remaining three models the strength of the material above the roadway 
was greater than the strength of the material below the roadway. 
Additional four models were tested to assess where supports have an 
appreciable influence on roadway closure: two of these model roadways 
were supported and the remaing two are   unsupported.  
The model material used consisted of dried and graded silica sand and fine 
industrial white plaster mixed in various proportions with a set portion of 
water. 
The apparatus and technique employed in the scale model work has been 
described in detail by Hobbs [11]. 
The main results obtained from Hobbs[ 9 ] work is summarized in the 
following points: 
 
       1- The stronger the roof or floor the less the vertical closure, roof 
lowering, floor lift and sideways closure. Conversely the weaker the roof or 
floor the greater the vertical closure, roof lowering, floor lift and sideways 
closure. 
       2- It is suggested that in a center gate roadway the roof lowering, 
excluding pack closure and the floor lift are proportional to the seam depth. 
       3- The vertical closure in a supported roadway is considerably smaller 
than the comfortable closure in unsupported roadway. It is suggested that 
supports increase the strength of roadway roof in the same way as a 
confining pressure increases the  strength of rock specimen 
 
        
 
 
 
 
 
 
 
        B.Stimpson [27] suggested a simple scheme to classify modeling materials, which indicated broad differences in physical 
behavior, fabrication, machinability and drew attention to the problems which may occur in instrumenting the material for 
subsequent measurement.  
        B.Stimpson [27] has made the first division between non-granular and granular materials i.e. materials with granular 
components down to fine size (0.06 mm M.I.T recommmended Soil Classification,1931). Materials with visibly distinct and hard 
granules are also usually more difficult to machine, and the size of granules in relation to size of surface strain measuring 
devices must be considered. 
        A second classification for modeling made by Stimpson [27] in which "plastics" indicate the group of largely synthetic 
organic substance, and "brittle" is defined as fracturing with little or no permanent, plastic" deformation. 
Eleven classes emerging from this classification method comprise:   
 
 (a) Granular 
                                 (i) Cemented with plaster 
    (ii) Cemented with cement 
                                 (iii) Cemented with oil, wax 
                                 (iv) Cemented with resin, plaster 
                                 (v) Cemented with clay 
                                 (vi) Unconsolidated 
 (b) Non-Granular 
                                 (i) Plastics - plastics only 
                                 (ii) Plastics - with plastics 
                                 (iii) Non-plastics – metallic 
                                 (iv)Non-plastics – non-metallic – brittle 
                                  (v) Non-plastics – non-metallic – non-brittle 
 
Stimpson [27] stated that such a simple classification cannot be entirely coherent and consistent given the large variety of materials it 
includes, but it should provide a useful basis on which to consider the materials in more detail.G.R. Mostyn and M.H. Bagheripour [21] 
developed artificial material, which      simulates the overall behavior of intact soft sedimentary rocks. This material was composed 
mainly of: 
    (a) A local sand, known as Nepean sand, has been used as main granular material. The sand is oven dried and then sieved, on the 
standard sieves. 
     (b) Portland cement is added  instead of plaster for the following reasons: 
The higher range of strength for cement compared with that of plaster. 
- Cement requires longer time to set and cure than plaster. 
- Cement expands less than plaster. 
-The likely insensitivity of the sand – cement – water compound to 
environmental conditions such as moisture, temperature and curing. 
 Model material consists of: 
76.1% sand, 8.9% cement, 7.85 water and 7.15 slag. The mix is compacted at  
5 Mpa pressure in a 100-mm diameter mould. 
 
2.2 -2 Application of models in rock mechanics 
Models are now used widely in all over the world for solution of many 
phases of rock engineering problems. It is easy to design mines relying on 
previous experience, except, of course, for new type of excavation 
.Unfortunately the number of independent parameters important to describe  
the rock behavior, e.g.: lithology and structure, orientation and shape, rock 
stress ,water , are so large that making it relatively difficult to construct a 
realistic model. 
Only two methods of analysis  readily available which can handle 
discontinuities and permit simulating non linear behavior of rock 
excavation.These methods are: 
1- Mathematical analysis 
 2-Physical model studies 
 
2.2 -2  -1 Numerical Analysis 
The numerical analysis was conducted by various investigators to study the 
influence of material properties, initial stress , excavation sequences and 
opening shape of resulting stress and displacements around openings in 
different types of rocks. 
In the following papers, the characteristic, outline and building of numerical 
analysis models is presented.      
 
Yih – Jian Wang and Madan M. Singh [30] presented a numerical approach 
to problems involving stresses around underground excavation.The most 
significant features of this procedure is  summarized as follows: 
        1-  The method deals with layered media with non-linear interface.  
        2- Friction between adjoining strata is taken into account. 
        3- Body forces acting due to the material surrounding the opening are 
considered. 
       4- For simplicity, the pressure acting on the model was assumed to be 
uniform in the experiment . 
      5-The elastic constants within a bed may vary from point to point as well 
as in each bed. 
          6- The basic approach was adopted to underground openings of 
different shapes. 
          7-The technique may be easily modified to include reinforcement at 
the perimeter of the opening. 
         8-The amount of slip or separation between beds is given directly by 
the computer program. Further, the computer is programmed to decide 
whether frictional forces come into play or not. 
        9- The approach suggested could be used for cases where there are 
neither external load nor body forces acting. 
 
G.Barla and M. Cravero [3] attempted to explain a three dimensional method 
for the analysis of stress around underground openings reinforced with rock 
bolts. An attempt is made to see if changes in spacing, length and load of the 
bolts can be evaluated by the finite element method for the stress around a 
rectangular opening and tunnel with two – center roof.The numerical results 
obtained for the rectangular opening showed that: 
       (a) By increasing the bolt load the ratio between the area of the failure 
zone and that of the opening (Af/Ao) decreases, with the tendency to 
approach an almost constant value. The influence of the bolt length seems to 
be limited with a tendency (Af/Ao), at loads higher than 10 tons, to decrease 
with an increase in bolt length. 
      (b) For the bolt length set to be constant and equal to 2.0 m, different 
spacing from 0.4 up to 1 m were considered at each load. The results are  
shown as continuous curves. The spacing determines for all loads a definite 
change in (Af/Ao). As it might have been expected, the lower is the spacing 
at any given load, lower is the ratio Af/Ao. 
                    (c) Finally, a specific case has been analyzed for the tunnel cross-section in 
order to determine the influence on Af/Ao due to a change in the bolt load. 
Keeping the geometric parameters equal to those reported previously, the 
ratio Af/Ao has been evaluated at different loads. The results showed that 
Af/Ao decreases slightly with the load applied and reaches 10 to 15 tons. 
 
 
N. Innaurato [13] examined the solution proposed in the literature and 
verified some useful application to the calculation of the state of stress and 
strain around tunnels. Then a simple extension of the method to get free 
from the restrictions of Hook's law, is indicated with a view to the possibility 
of using this computational method for support – rock interaction analysis. 
The complex variable method enabled the investigators to analyze the 
behavior of underground openings of various shapes under various situations 
of change of the external forces, or change of the material characteristics. 
The possibility to handle the case of non-linear elasticity law is also 
produced with some general applications to underground works showing that 
the method is able to solve various engineering problems. 
 
Fred H. Lnay [20] made studies to: 
       1-Evaluate the behavior of underground openings in homogeneous rocks 
for        conditions generally unavailable in closed forms. 
      2- Identify the parameters controlling the behavior of given openings. 
      3-Establish the relative importance of these key parameters. 
 
The finite element analysis conducted for this study is plane strain     
idealization of circular, horseshoe and power station type openings.In 
conclusion it can be said that the most significant factors affecting the final 
stresses and/or displacements of underground openings in homogeneous 
rock are the opening shape, initial in-situ stress magnitude, orientation of 
opening variation with depth, the rock modulus, and its stress – dependency. 
Proper determination of these parameters will ensure a sound evaluation of 
the behavior of an opening. 
 
J.W.Bray and K.E Goodman [4] developed a mathematical principles upon which are analogy between gravity and base friction 
can be examined. It is shown that the equations of motion in the field of the model are obtainable from those of the real world by 
replacing any linear or angular acceleration term by corresponding linear or angular velocity term. For limiting equilibrium 
analysis in which motion is incipient, the analogy is flawless. Bray and Goodman [4] discussed experiments that have been done 
before considering the base friction model which are done by P.Egger [7].They compared the condition for limiting equilibrium 
for a block resting on an inclined plane for gravity and base friction modelling. Comparison showed that the stresses at depth Z 
in the model are: 
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Where: 
µb – coefficient of friction between the model and the moving belt 
p – constant pressure acting on the model σx,σy,σz – stresses at x, y, z 
directions 
γ –  is the unit weight 
     t– thickness of the model parallel to y 
ν –   is the Poisson's ratio 
In selecting model materials care must be taken to avoid failure modes 
involving plastic movement of material in the y direction since this would 
not be reasonable in the prototype. 
If buckling of model material proves to be a problem, a thicker or shorter 
model is required. 
 
H.P. Huttelmaier and P.G Glockner [12] adopted a finite element procedure 
which is developed to simulate mining sequence and determine stresses and 
displacement patterns after each excavation using linear solution . 
A typical cross-section with mountain slope and seam dip angle of 30 
degrees is assumed for the analysis. The sandstone  embedded coal seam is 
mined in three stages according to the stope numbering (1 to 12). Stope and 
pillar width is assumed to be 24 and 48 meters respectively. Average 
material properties for the different layers in terms of elasticity modulus,  
density and Possion’s ratio, are: 
          overburden   Eo   = 700  Mpa                γ = 2.3  t/m³                υ = 0.25 
           Sandstone    Es    = 1400 Mpa               γ = 2.6  t/m³                υ = 0.25 
           Coal            Ec     = 3000 Mpa               γ = 1.7   t/m³               υ = 0.2 
The two dimensional finite element models was made to extend to study 
disturbances reaching the expected area of interest, 'namely' around 
excavations and at a surface. 
The results obtained are as follows: 
     -Pressure arch development is contained within the sandstone roof layer, 
leaving the sedimentary overburden rather undisturbed. 
    -The highest pressure occurs in the third pillar, with 26 and 12 Mpa in the 
vertical and horizontal directions. 
    -It is also noted that the highest stress values are approximately the same 
in roof and floor. 
The subsidence trough developed only above the excavated openings and 
reaches a maximum total deflection of about 0.1-meter. Computer results 
were compared with the field measurements showing that the highest 
pressure occurs in the third pillar, with 26 and 12 Mpa in the vertical and 
horizontal directions. 
  
J.V. lemos [19] described some results of a series of numerical simulations 
of experimental tests with a model composed of about 1300 plaster blocks. 
The physical model was a plane model, intended to represent a horizontal 
section through an arch dam abutment. Displacements at several locations 
through out the blocky system were measured during the loading process. 
The numerical analyses were conducted with the two – dimensional distinct 
element code. The thickness of the model was 16 cm in order to avoid lateral 
instability. The spacing and horizontal joints were 2 cm and the spacing of 
the inclined joints set was 2.6 cm leading to a total of about 1300 blocks. 
The block was made of a mixture of plaster of Pairs, diatorite and water. In 
order to reduce run time, the size of the individual blocks in the numerical 
model was doubled i.e., joint spacings 4 and 5.2 cm were used for the 
horizontal and cross joints respectively. The distinct element code model 
was composed of only 331 deformable blocks. 
For the purpose of comparing the displacement fields in the numerical and 
physical models, the case in which the load was applied at 12.5o to the 
vertical was selected. 
Loads levels of 1.6 kN and 16 kN were considered. The results showed that: 
  - Loads of 16 kN applied to physical block system at 19.5 and 32.5 degrees, 
resulting in deformation without causing the collapse. 
  - The model only failed when the inclination of the load was increased to 
38o 
  - As the friction angle of the joints is only 36o a simple mechanism of 
sliding on the horizontal joints took place. 
   -A stage of development of the collapse in the numerical simulation 
occurred at a load of 1.6 kN and a load angle of 35o to the vertical. 
Sliding takes place in the top joint, but some slips occur in other joints 
leading to the opening of some of cross joints resembling the behavior of the 
physical model. 
 
2.2-2-2 Physical model studies  
Physical models are generally time consuming compared with numerical 
methods but they are still very useful in identifying modes of failure. They  
are only second to full scale field study and the best way currently available 
to investigate complicated problems. It is well known that confidence in the 
results obtained with numerical models incorporating certain physical laws 
is dependent upon a knowledge of actual behaviuor (physical evidence, 
either field or model).  
 
        Hobbs [10] introduced the results of scale model study of the closure around three types of ribside roadway: 
     (i) A roadway with a ribside pack  
     (ii) A roadway with a slot cut into the solid ribside. 
     (iii) A roadway with a solid ribside 
To investigate the influence of slotting , a solid rib behavior of a model 
ribside roadway was used. The tests were carried out on six models divided 
into two groups. In one group , models were constructed with a material 
having compressive strength of 80 kN/m2 above the peak  and 310 
kN/m2below the peak.  In the other group , the  materials used  have 
strengths of 210 kN/m2 and 500 kN/m2. 
In each of the six models the solid coal rib was constructed from the same 
slabs as the floor. The following models were tested in each group: 
          1- A ribside roadway with 66-mm wide rib side pack. 
         2- A ribside roadway with a slot 2.5-mm height and 3.8 mm in a depth 
cut in the rib side at a height of 10 mm above the floor. 
         3- A rib side roadway with the solid rib. 
The dimension of the roadway model with the slot cut in the rib side is 66-
mm height with 80-mm width. 
The apparatus and technique employed in the scale model work has been 
described in a previous paper. Hobbs [11]. 
At applied pressure of sufficient magnitude to induce roof and floor break 
the following results were obtained: 
         1- Roadway with a ribside pack gave less vertical closure, less roof 
lowering, less floor lift and possibly less sideways closure than roadways 
with either a solid rib side or a slot cut in the rib side and, 
           2- In the absence of ribside pack, 
     (a) Better floor conditions were obtained in roadways with the slot cut in 
the ribside than in roadways with the solid ribside, and 
    (b) The closures occurring into roadways with a slot cut in the ribside are 
possibly less than in roadways with solid ribside 
 
         D.H. Trollope [29] introduced the stability of trapezoidal opening in the simple case of horizontally bedded blocks jointed masses, 
where the roof of opening is parallel to continuous joint or bedding phase system. 
Trollope has found advantage that in models built up with 5/8 inches side smooth plastic cubes yields valuable results. The cubes 
are first stacked in single vertical layer in the desired array and supported on perspex sheet, which is inclined at 5 degrees to the 
vertical. Openings can then be formed by  removing appropriate cubes.  
It is convenient therefore to define the two significant zones as: 
     (a) The stable zone outside the triangular opening. 
     (b)The suspended zone. 
The failure of the simple row of unit cubes will, in general, involve two 
mechanisms. First, tendency for individual blocks to slide out in shear along 
the vertical joints. Second, the bending of the raw which, because it cannot 
accept tension between the units achieves stability by developing lateral 
thrust and ultimately fails in compression by developing plastic hinges. 
It is envisaged that as an opening is first formed, small vertical movements 
tend to trigger an arching stress distribution. These movements is associated 
with some sliding along vertical joints, particularly adjacent to the sides of 
the stable zone.  
 
 Kemal A. Engurani and R.E. Goodman [15] discussed how engineering 
geologists might adopt model methods for solution of various types of rock 
engineering problems. 
The investigators classified the different model types as follows: 
      1- Geological models, such as peg models, and transparent 'fence' 
models provide a three dimensional picture of the prototype. Their purpose 
is to clarify the results of geological exploration as an aid in geological 
study. They help to define the system. 
      2- Kinematics models are used to reproduce the geometric features of the 
geologic system and to establish the possible failure modes. They are not 
dynamically scaled. They establish whether or not a block in the roof of a 
tunnel, for example, can fall into excavation, but they do not tell whether or 
not it will. 
    3- Scale models establish whether or not a specific design appears safe 
and indicate the order of magnitude of expected deformation. The element 
properties are scaled in accordance with dimensional requirements to 
achieve dynamic similitude. 
The investigators feel that the models can be useful in two aspects: 
    (i) Visualizing and displaying geological data. 
      (ii) Observing degrees of freedom and week points of excavations in rock 
bodies and also for quantitative evaluation of excavations and structures in 
rock. 
 
     Lawrence [17] studied the dependence, of closure in rectangular roadway with solid ribsides upon the direction of applied pressure. The 
work described in this paper forms part of a program of investigations into strata movement around mine roadways by scale model 
studies. The object of this test series was to examine the effect of applying to a model:  
     (a) A uniaxial pressure in the vertical direction. 
     (b) A uniaxial pressure in the horizontal direction.  
Then comparing the results to those of tests in which both vertical and 
horizontal pressures were equal at all stages. All previous models were tested 
under hydrostatic pressure conditions.  
The apparatus, the scale model construction and the properties of the model material have been described in Hobb [11].The results 
obtained are as follows: 
      1- At all applied pressures greater than 200 kN/m2 there was significantly more closure in the horizontal pressure tests than in the 
hydrostatic pressure tests, and significantly more closure in hydrostatic pressure tests than in the vertical pressure tests. For example, at 
489 kN/m2 pressure the vertical closure of horizontal; hydrostatic and vertical tests were 85, 63 and 21 percent respectively. 
     2- It was suggested  by the researcher that high horizontal pressures are 
major cause of underground roadway failure and that a high vertical pressure 
can lessen the effect of the horizontal pressure owing to an increase in friction 
between the beds and a reduction in the stress concentration factors around the 
mine. 
     3- It was also suggested in this paper that for roadways acted by both 
vertical and horizontal pressures the layers of strata in the roof and floor act as 
struts, failing when stressed beyond the Euler crippling load by the horizontal 
pressure. 
 
Bengt Stillborg and Ove Stephansson [6] gave an idea of how the method of pre-reinforcement is performed and how the rock bolting is 
carried out from the rib tunnels. The spacing and the detailed setting of each bolt preferably be based upon the in-situ rib tunnel 
investigation. Bengt and Ove indicated that the most important characteristics of the model material which include: 
    -The simplicity of production. 
    -Cheapness of constituents. 
    -Reproducible from one batch to another. 
    -Behavior similar to scaled rock type according to the above-mentioned       
characteristic.The material chosen was composed of sand and wax mixed in 
ratio (93:7) respectively. Then they determined the properties used in the 
sand-wax material investigation mass density, mean grain- size, Young's 
modulus, Poisson's ratio and friction angle. 
Two models were tested; one of them was built with reinforcement and the 
other without reinforcement. The results obtained are as follows: 
   -A similar behavior of the two models was observed after the application of 
the two-load step. 
       -The elastic component of the total displacements measured is 
approximately 24% for the model without reinforcement  and approximately 
32% for the second  model with reinforcedment. 
 
P. Egger [7] introduced modified base-friction apparatus presented by 
J.W.Bray and K.E Goodman [4]. This technique is particularly well suited 
for near-surface problems where the stresses change considerably over the 
height of the model. 
A testing device for models of 50x50x2.4cm to investigate two – 
dimensional near – surface problems at scale between 1:50 and 1:100. 
P.Egger used ceramic bricks of 48x24x16 mm as a model material. The 
stresses obtained in the simple base-friction model are given by the 
following formula: 
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Where: 
e' – thickness of model 
γ - bulk density of model material 
µ – coefficient of friction between model and moving surface. 
Thus the scale factor for stresses becomes: 
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To overcome the difficulties involved with high values of scale factor Σ, the 
researcher added a controllable air pressure Pair to the  weight of the model. 
The stresses in the model are now given by the expressions: 
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Using the air pressure at the upper surface of a base-friction model permits 
to choose the scale factor for stresses Σ to a large extent. This means that the 
same model material may be used for simulating rocks of different strength, 
but also that in certain cases the natural material may be taken for the model 
provided the scale factor be chosen Σ =1. 
 
Angad Ram and T.N.Singh [2] used the photo elastic model to define state 
of loading and stress distribution in multi-section pillar development of 
various configurations and in and around excavated panels. The status of the 
superimposition was taken in three configurations covering the following 
cases: 
      (i)  Vertically superimposed galleries. 
      (ii) Galleries staggered by 50%  
     (iii) Galleries staggered by 100% 
Model was loaded by 0.23 kg/cm2 in a vertically hanging position. 
Changing in stress concentration due to opening expressed in terms of stress 
concentration coefficient (K)َ defined as follows:  
 
                        Stress at normal point without opening + 
K َ   = stress concentration at a normal point with opening 
               Stress applied at the same point without opening 
The results obtained by the researchers indicated that: 
       (i) The compressive stress coefficient reached 2.4 at the corners with 
100% staggering. 
      (ii) The maximum of tensile stress coefficient 0.96 in the center of roof 
and floor to the board with 100% staggering. 
     (iii) The value of shear stress coefficient along the diagonal joining the 
nearest opening corners reached 0.61 again with 100% staggered openings. 
 
P. Baumgartner and B. Stimpson [5] described briefly the development of 
tiltable base friction model frame for the study of the effect of joint structure 
on caving at various depths. 
The base friction model frame developed for the caving study provided for a 
model surface measuring 1.22 meter in height by 2.44 in depth. The belt 
dimension is 2.44 meters width and circumferential length of 3.05 meters 
and consisted of sandpaper on a resin reinforced linen cloth base. The drive 
and tail rollers are 2.44 meters in length and are constructed from 102-mm 
stainless steel tubing with 6.4-mm diameter wall thickness. A screw-
tensioning device on the tail roller provides belt tension. The drive system 
comprised a ½ Hp reversible motor connected to a gear reducer, which in 
turn is connected to a driver roller by a link chain belt. The speed is 
approximately 1.5 m/min. 
Some degree of scaling could be introduced by adding or subtracting a 
gravitational component to frictional shear force acting on the model 
material and is a unique feature of the frame. They drive a formula for the 
scaling as follows: 
                            Lp  = σ * (cos θ. tan θ' ± sin θ) Lm 
 
Where: 
Lp  - length in prototype 
Lm - Length in model 
σ * - ratio of uniaxial compressive strengths of prototype rock and model 
material. 
θ -    angle of dip of model bed to horizontal 
θ' -   effective angle of friction between belt and model material. 
 
Then a new model material was developed comprising 8-12% methanol (by 
weight) and ordinary cooking flour. This material was found preferable to 
mixes of sand, flour and vegetable oil. Other rigid material such as ‘wood’ 
cork and plastic, cannot be reused to simulate different joint geometries. 
 
        B.Stimpson [28] In his technical note described a simple technique for demonstrating interaction between underground 
mine openings using vertical model frames. Gravity was used directly in this model and higher stresses were generated. 
Stimpson [28]suggested that the model frame may be of any size though for practical and economic reasons one measuring 0.9 
m in width, 1.2 m in height was found suitable. One side of the frame comprises a 10 mm thick glass plate through which model 
can be observed (stiffeners or a thicker plate will be required to reduce bending for larger frames). 
The other side of the frame is formed from a 7.6-cm thick slab of rigid 
polyurethane frame, which is supported by cross beams to limit bending. 
The glass plate and polyurethane slab enclose a 2.54-mm space for the 
model material. 
The model material used in the construction of this model consists of: 
  -  55% flour 
  -  20% vegetable oil 
  -  7% sand 
and 18% glass shot (by weight). 
The construction and testing of model has proceeded in the following 
manner: 
    (a) Outline of mine opening on the polyurethane slab and cut out each 
opening so that a plug of polyurethane can be removed. Pin each plug in its 
original position with pin or tape. 
   (b) Erect frame in vertical position and place model material. 
   (c) Lay frame in horizontal position and remove glass plate. 
   (d) With thin metal blade introduce system of discontinuities required into 
model material. 
   (e) Lightly spray surface with lacquer using different colors to identify 
different strata. 
   (f) Reclamp glass plate on frame and bring frame into vertical position. 
   (g) Remove first pre-cuts plug of polyurethane frame and excavate model 
material. 
   (h) At completion of excavation re-insert plug of polyurethane and proceed 
to mine subsequent opening in correct sequence. 
Since gravity is being used directly caving processes occur more rapidly 
than in base friction model. 
 
Lee. Kyung-Won and Kim, Min – Kue [18]  studied closing and roof pressure of drift in coal seam. The model material used in 
this work was made of plaster, sand, lime and water. 
The researchers made six layers, two of them were made of coal. Coal is so 
weak that the required compressive strength for scale modeling is below 5 
kg/cm2 that is the lowest possible limit to be acquired for plasters – sand – 
water mixture. Therefore  they replaced lime for plaster to get model layer 
for coal. 
Model test for this work is two directional hydraulic equipment with three 
vertical and six horizontal rams. The load carring capacity of vertical ram is 
50 ton and that of horizontal ram is 25 tons each respectively. The 
equipment is designed so that the hydraulic pressure is maintained consistant 
automatically a specified duration and controlled separately in way of two 
directions. 
The results showed that: 
           1-It was found that unstable zone must exist at depth from 600 m to 1000 
meters when the drift is supported. 
           2. The closing of the drift occurred to the direction normal to upper 
bedding plane.  
           3. It was recommended by the investigators that the effective section 
when excavated must be at least twice as large as required for accomodating 
machines in mechanized faces. 
 
       
 
       Nobuhiro Kameda and others [24] in their paper described a new base friction apparatus characterized as follows: 
      1.The base friction shear face is provided by dragging the stiff metal 
plates coated with urethane rubber at a very slow speed (10 mm/min) a cross 
the model under test. 
     2.The maximum compressed air supplied over the surface of model  
 is 2 kg/cm2. 
According to the type of rock to be modeled and the stress scale factor, the following model materials were used. 
   - A composite material consisting of barite, zinc oxide and vaseline oil 
(70: 21: 9) is used as to simulate a weakly bedded rock. 
   -A plaster – beam material simulating a hard, bedded rock model consists 
of plaster, lime and water (1: 3: 4) 
   -Sugar cube material (18x18x18 mm) is used for block model material. 
The results showed that this technique is an important method in predicting 
the behaviors of roof deformation and failure of discontinuously bedded 
rock. The progressive development of roof failure can be observed and 
examined subsequently at any stage of failure. Moreover, it is capable of 
dedicating quantitatively the immediate deformation and failure behavior of 
the roof beam at different horizontal stresses. 
 
T.Nishida and others[23] developed a new apparatus which has the stiff 
metal plate with urethane rubber instead of endless belt, developed by 
Nobuhiro Kameda[24]. 
The size of model is 80-cm height, 50-cm width and 2.5 cm thick. 
The model has the following characteristics: 
     1. Dragging the still metals plate with very slow speeds (10 mm/min). 
     2. Four air jacks can control the lateral loading force. Compressed air 
pressure on model is controlled by air control unit and sent between model 
and cover the controllable air pressure Pair is given by expression, 
developed by P. Egger [7] 
 
                                                  
 
 
They express the dimension in the nature in meters for the dimension in the 
model in centimeter using Σ. 
The model material used in this model consists of barite (BaSO4), zinc oxide 
(ZnO) and Vaseline oil in the ratio respectively (70: 21: 9). 
The authors found that the mechanism of cave-in relates to the width and 
depth of cavity and the properties of rock, beside these factors, surface 
loading, joint or weathering in rock are also related. 
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       Abbas AL- Harthi and Stere Hencher [1] explained in their paper a base friction model, which has been used to investigate 
failure mechanisms in jointed masses where individual joint roughnesses are presented. Comparisons are drawn with rock 
masses behavior using the discrete element package universal distinct element code. 
The model consists of a metal framework of about 152.5-cm long. 91.5 cm 
wide and 78.5 cm high, carrying a steel plate of 136 cm long, 74 cm wide 
and 10.8 cm thick. A very long continuous belt of sand paper representing 
the moving base, is drawn along the length of the plate and passes over two 
steel rollers of 71.5 cm long and 11 cm in diameter. One of these steel rollers 
is driven by an electric motor 2000 r.p.m and gear box provide a range of 
speed 2 cm/min to 19.5 cm/min.  
A suitable model material was found to comprise of a mixture of 40% by 
weight of barites, 25% of fine sand, 24% of flour and 11% of vegetable oil. 
The following results were obtained: 
       (a) For a particular joint inclination angle, the angle of draw increases 
with increasing the roughness angle. 
       (b) The influence of joint roughness is greatest for joints inclined at 
between 35º and 70º and the most critical inclination angles are between 
“40º – 60º ” 
      (c) The highest angle of draw occurs when the joint inclination angles 
are less than 35º or greater than 70º. 
     (d) For joint inclination angles less than 30º arching of the roof was 
observed no matter what the roughness angles because the inclination angle 
is less than the friction angle of the planar joints. 
    (e)The influence block site becomes apparent for inclination angles 
greater than 50º and larger the block size, the higher the angle of draw. 
Where the inclination angle is less than 50º the angle of draw is similar for 
block size. 
 
S.G. Kwon and others [16] introduced a model of base friction model 
technique to explain the influence of rock bolting on key blocks in the roof 
of an opening excavated in discontinuous rock mass, transparent tape was 
used to simulate rock bolts. 
Tiles were chosen as model materials such that the block itself was not displaced internally, and blocks were likely to move 
because the friction between the blocks and the belt was large (42º – 52º) but the friction between blocks is small (20.5º – 20.6º).  
The belt was moved with a constant velocity 9 cm/ second. The photographs of rock blocks around the excavation were enlarged 
to measure the displacement of the center point of each block. The results of this study show that: 
         1- The roof caving of an opening has two fundamental forms: 
     (a) Caving along the inclined direction. 
     (b) Caving towards the direction normal to the inclined direction. 
The previous two forms are mixed at a certain dip angle of discontinuity. 
       2- The displacement of the key block is proportional to the width of the 
opening and the volume of the key block. 
       3- At low dip angle of the major joint the effect of the height of the 
opening becomes small. 
       4- In order to stabilize the opening, the rock bolts must be installed in 
every key block. 
 
M.Karaca and others [14] studied the effect of discontinuities of the global 
failure modes of shallow openings. The openings excavated in discontinuous 
rock masses resulted in the development of stability conditions. The bricks, 
which were used during this study, were prepared from a model material, 
consisting of  a mixture of barite, zinc oxide and Vaseline. 
In all experiments, circular tunnels with a diameter and overburden of 0.1 m  
thickness were studied with a geometric scale of 1:100.The physical models 
had the following dimension; width= 0.5 m, height  = 0.33 m.. 
       On the basis of these experimental findings, a theoretical model, based 
on limiting equilibrium concept of the theory of plasticity has been proposed 
to assess the stability of shallow openings in jointed media under 
gravitational loading. 
The theoretical prediction has been compared with the observations made on 
model test. The conclusions from this study are as follows: 
      The stability of openings is influenced by the geometry of the cover rock 
and the inclination and shear behavior of complete discontinuity set of which 
slip occurs. 
       The existing joints in the weak rock masses are not the sole cause of 
rupture in the rock masses, but affect its development and limits. 
        The orientation with respect to the tunnel axis of these joints influences 
changes in the width of the failure zones and the size of the displacements. 
       Theoretically it, can effectively predict the curves of transition from 
stable    
 
Murat Karaca [22] discussed the application of models to initiation of failure 
and presents the effect on failure modes of bedding planes and staggered 
joints. The treatment of the subject with five models  gave a chance to 
understand the effects of various parameters. 
The results given in this paper deals with the tunnels without any support 
systems. 
For experimental part, modified base friction device which was developed in 
the Swiss Federal Institute of Technology at Lausanne was used, by  
S.G.Kwon and others  [16]. 
The stresses around openings are computed by finite element method and the 
results obtained are as follows: 
       -With increasing of inclination of bedding planes the joints, which are 
formed due to friction, in the sliding zones play an important role in rupture 
mechanism. Change in the position of the vertical axis with respect to 
vertical joints decreased the displacements by 20%at crown.  
 
CONCLUSIONS: 
As it is mentioned in this chapter many underground openings remain at a 
shallow depth in the mining areas at the Ingassana mines where chromite ore 
have been excavated. The strata above these underground opening consist 
mainly of soft rocks, and weathered or fractured talc. Due to the effect of 
heavy rain fall and surface loading, the roofs of the underground opening 
deteriorate and collapse, or the pillar may crush with time and roof collapse 
may eventually migrate to the surface and cause sudden cave-in. In 
generally, as statistical observation, these cavities are within 30 meters 
depth.  
For efficient and safe mining operation at the Ingassana chromite mines it is 
essential to predetermine: 
     (a) Surface subsidence  
     (b) Stress and deformation around the mining opening, and 
     (c) Roof, pillar and floor stability. 
Traditionally these problems are treated by addion of supports which is very 
expensive and cannot be afforded in the case of Ingassana chromite 
mines.This necessitate adoption of other methods to solve the problems of 
the  Ingassana chromite mines. 
Through the advance of research in particular numerical method and 
physical modeling, a more global approach is possible in addition to a more 
realistic modeling of field condition. These methods are increasingly used in 
predictive mining engineering.  
Information on numerical methods and physical modeling disseminated 
throughout the literature. 
Numerical analysis capacity to simulate failure form of the underground 
openings due to model material rotation is still unsatisfactory. In this case, it 
is convenient to perform behavioral studies by means of physical model 
testing. 
Physical models are employed in rock mechanics in two senses. 
        A simple (desk-top) model, constructed from commonplace objects, 
with no attempt to achieve other than approximate geometric similarity, can 
provide useful information, but only of a qualitative kind. (That is the case 
of the most of the physical model mentioned in chapter two)   
       More quantitative information is obtained from the second type of 
physical model (base friction) in which conditions of similitude are satisfied. 
In practice, it is seldom possible to attain perfect similitude, but sufficient 
accuracy may be achieved to contribute in real quantitative sense to solving 
rock problems. It is evident; however, that modeling will increasingly 
contribute to the solution of practical rock engineering problems and to the 
elucidation of rock mechanics fundamentals. 
 Among these physical models presented in this chapter a base friction 
model is selected giving the following advantages: 
          The ground movement problem, which does not lend itself for 
theoretical prediction, can easily be predicted by this technique. 
          Compared with other methods of accounting for gravity in models, 
base friction is found to be convenient, inexpensive, and revealing. 
         The progressive development of roof failure can be observed and 
examined subsequently at any stage of failure. 
         Easy to determine the relationship between the width, area of cavity, 
and the height of the collapse. 
All experiments can be done directly at the mines and are adapted for the 
operations. 
Like all engineering tools, it has limitations. If these are understood,there is 
no reason why the results of base friction models cannot be used to guide 
and to evaluate engineering work.The base friction apparatus used in this 
research is capable of changing load during the test. So we can obtain 
various models strengths only with one model for simulating rocks in the 
nature. 
The amount of data in published literature on any particular model material 
varies widely. The most common models material used to represent rock 
mechanics in model test include, cement, sand and water; sand, wax and 
mica; sand and clay; and plaster alone or mixed with barite, lead oxide, 
mica, diatomite, sand dust, kaolinite or lime. The selected model materials 
used in this thesis is sand with used motor oil. 
 
               
                    
CHAPTER THREE  
Model Material  
                                                                                                      
 3.1 Introduction 
Selection of model material is one of the most time consuming aspects of 
engineering model studies [11,26,25,9,27,21.]. There is an infinite number 
of model materials that can be used. Each material has its advantages and  
disadvantages.       
For this particular investigation the number of suitable materials is limited 
by specific requirements and restrictions imposed by the parameters and 
boundary conditions that are required to be studied..     
 
3.2  Choice of model material  
3.2.1.    Material Requirements   
                                               
Ideal model materials for the base friction model should have the following 
Characteristics:                                                                     
      1- Behavior similar to the scaled rock type. 
      2- Workable with respect to material placement and testing. 
      3-Reproducible from one batch to the next 
      4-Inexpensive. 
      5-Readily available. 
      6-Easily fabricated. 
      7- Having relatively low Young’s modulus and shear strength such that 
the expected deformation and displacements could be measured without 
having to resort to high capacity loading systems, capable of giving 
measurable deformations at small loads. 
Obviously, one material cannot have all these characteristics .The 
combination and importance of each category of material requirement 
depends on the particular model study. 
 
 
 
 
 
 
 
 
3.2.2     Selection of model material 
3.2.2.1 Characteristics of the model material    
Taking the requirements for the choice of model material in consideration, 
the choice of suitable model material eventually lies between fine sand 
(≤1.7mm) and talc combined with kerosene oil, used motor oil, or bentonite 
slurry. 
Both dry and graded sand (0.08<x<0.42 mm) and fine industrial talc was 
tested with the set of proportions of binding materials which include: 
    -Used motor oil mixed with sand in the ratios 1.5%, 2 % and 3 %  
    -Kerosene mixed with sand in the ratios 2%, 3% and 5%              
     - Bentonite with 5 % and 10% water 
Concerning the coefficient of friction between the belt and model material ; three samples of the belt were taken from the same 
belt which will be used in conjunction materials and those were : 
          (a) Belt without sand 
     (b) Belt with fine sand particles (0.42 < x <1.2mm) adhered (using 
adhesive) to the belt surface giving a surface with moderate roughness. 
    (c) Belt with coarse sand particles (1.2< x <1.7mm) adhered (using 
adhesive) to the belt surface giving a surface with relatively high roughness. 
From the above mentioned surfaces a suitable choice of belt surface 
roughness has to be chosen to ensure good contact and adequate shearing 
resistance between the belt and model material surface.   
3.2.2.2 Apparatus for prelimenary test 
The simple apparatus used at the laboratory for selecting a suitable model 
material and  surface roughness includes: 
    (a) Wooden frame (dimension 20x20x2.5 cm) with a smooth base resting 
on the different belt surfaces as mentioned above. 
   (b) Pieces of belt (dimension 30x30 cm) taken from the same belt which 
will be used for the (Base Friction Model). 
  (c) Various shapes of metal openings: 
      - Circular openings 
      -Trapezoidal. openings 
All the preliminary tests were made under the following conditions:  
      1- The model material was placed inside the wooden frame and 
consolidated by applying a pressure of 0.05 kg/cm². 
      2-Mixing of model material with binding material was  
done manually. 
      3-Steady and slow motion of the belt was achieved manually 
      4-Deformation of model is taken photographically at small stages of 
failure  
        
Plates (1, 2, 3, 4, 5, 6, 7, 8, 9.) Show the typical views of failure in the     
experiments conducted after using different model materials with  
different binding materials. 
In attempting to find suitable model materials and surface roughness the 
above mentioned tests were carried out and the following results were 
obtained: 
 
    (a) Sand with used motor oil as a binding material gave a good failure 
form, and measurable deformations, which can be produced from small 
applied load less than 0.01 Kg/cm² especially when the 1.5 %. of motor 
oil was used. 
   (b) The mixture of kerosene with sand also gave failure form and 
deformation less than what was recorded with used motor oil and sand. 
   (c) With sand and talc using bentonite and water as a binding material, it 
was not possible to observe any evidence of a failure with the naked eye. 
Besides that, it was very difficult to obtain a homogeneous and easily 
workable model material.   
   (d) Talc with used motor oil and kerosene as binding materials showed a 
small failure form. 
   (e) Bentonite with water as a binding material – even when used in small 
quantities – gave a cohesive and not easily workable soil. 
Based on the information obtained from the preliminary experiments, the 
material finally selected is sand (0.08<x<0.42 mm)  mixed with 1.5%used 
motor oil as the binding material .  
This material fulfills the requirements for a suitable model material. 
            
 
 
 
 
 
 
 
 
 
 
                           
 
                         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plates (1, 2, 3, 4, 5, 6.) Show the typical views of failure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Plates (7, 8, 9.) Show the typical views of failure 
 
3.2.3    Properties of sand with used motor oil  
The properties of the sand with used 
motor oil  are presented  in this section of the 
thesis.                                                               
3.2.3.1   Properties of the used motor oil  
             
The physical properties of the used motor oil were determined in the 
laboratory. The results are shown in Table (3.2.3.1-1) and graph is illustrated 
in Fig (3.2.3.1-1) 
 
Table (3.2.3.1-1) properties of used motor oil  
 
 
Flash 
Point 
 
Firing 
Point 
 
Kinematic 
Viscosity 
 
 
 
 
 
Density 
 
 
 
 
 
 
Carbon 
Residue 
 
 
Open 
 
Closed 
 
Open 
 
 
Closed 
 
Temp 
ºC 
 
Viscosity 
cm²/s 
50 1.24 
60 0.64 
70 0.46 
80 0.34 
 
 
 
  0.93 g/ml 
 
 
 
1.59 % 
 
 
 
 
190 ºC 
 
 
 
172 ºC 
 
 
 
240 ºC 
 
 
 
226 ºC 
90 0.24 
 
Fig ( 3.2.3.1-1 ) Kinematic Viscosity Vs Temperature
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3.2.3.2 Sand (.08 < x< 0.42mm) 
 
Table (3.2.3.2-1) shows the dry sieving result and sand grain size distribution 
graph is illustrated in (Fig 3.2.3.2-1).  
 
 Table (3.2.3.2-1) Sieve analysis of sand      
 
    
Cumulative  
Passing % 
 
Fraction % 
 
 
Sieve size(mm) 
 
      99.408       0.3451        ≥  4 mm 
      99.0629      1.2648        2 mm 
      97.7981      1.6048         1mm 
      88.5951      9.2030          0.5 mm 
       58.6328      42.2109        0.25 mm 
       16.4219        14.4363         0.152mm  
        1.9856       1.6048        0.063mm 
       0.3808      0.2277       0.032 
        0.1531       0.1531       <0.032 
             
 
 Total wt 100 grams.  
 
 
 
Fig ( 3.2.3.2-1 ) Sand Grain Size Distribution
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 3.2.3.3  Specifications of the sand 
The sand used in the experimental program is of Nubian sandstone origin.   
Sio2 ……………………..  content 98.8%. 
Color …………………..   Yellowish 
Grain shape …………… cornered to rounded  
Mean  grain……………… size   0.375 mm  
3.2.3.3-1      Sand mixed with used motor oil properties 
3.2.3.3-1-1   Tests used in the sand mixed with used motor oil 
The material finally selected from the pre-investigation of sand mixed with 
used motor oil was submitted to an extensive test program in order to select    
The characteristics to be determined are angle of friction (δ) between belt 
and the model material , angle of internal friction (Φ),cohesion (С), Young's 
modulus (Е), Possion's ratio (υ) , confined compressive strength (σc) and 
bulk density(γ) .The tests and the results obtained from the tests are 
described below: 
3.2.3.3-1-2 Angle of friction between belt and model material (δ) 
The same section of belt as that used in section 3.2.2 of this work was used. 
The apparatus used for measuring angle of friction between the belt of 
different roughness and the model material is shown in Fig (3.2.3.3.1-2-
1).This consisted of two pieces of wood. The lower one is the base or the 
apparatus lying horizontally on the table. The upper one is constructed such 
that it can be tilted at different angles with respect to the lower one. The 
belts of different roughness were placed on the top of the upper piece of 
wood. 
 
 
                           Fig (3.2.3.3-1-2-1) Belt tests on the different surfaces 
  
 
3.2.3.3-1-3   Selection of the surface roughness  (Friction angle) 
3.2.3.3-1-3-1 Introduction 
The base friction  principle is used to reproduce the effects  of gravity in the   
two dimensional physical model of excavations in rock.The body force of 
gravity is simulated by the drag of a belt moving along the underside of the 
model. From the experiments conducted using coarse sand belt the 
displacements tend to occur very clearly compared with other belts. 
The results of the tilt tests on the three surfaces of belts with selected model 
materials mentioned before are reported in Table (3.2.3.3-1-3-1).   
                 
    Table (3.2.3.3-1-3-1)Angle of friction for diffrent ratio sand/oil 
                  
Angle of friction 
 in degrees  (δ) 
                               
(Sand/ Soil) ratio  
Belt surface 
(Roughness) 
 
15º 
 
Belt without sand 
 
20º 
Belt with medium sand  
(Medium rough) 
 
     30º 
      
 
 
100:1.5 
Belt with coarse sand 
(Rough) 
  
From the results described above it is decided to select the belt with coarse 
sand which is described as rough.  
 
 
 
 
 
 
 
 
 
 
 
 
3.2.3.3-1- 4 Angle of internal friction and 
Cohesion 
 
 Direct shear-test was used to measure the shear strength of the material .The 
sand specimen is loaded with a vertical, normal load N, viz., normal stress 
σn A
N= , where A = area of shear plane. During the test, the normal load N is 
kept constant; a horizontal shear (tangential) force T, viz., shear stress
A
T=τ , 
is applied to the upper frame of the shear box; the shear force increments of 
T are recorded; and the corresponding horizontal displacements are 
measured. At failure, the shear stress τ is equal to the shear strength of the 
rock.  
The plot of T = f (N), and τ = f (σn), results in Coulomb’s straight-line shear 
strength relationship Fig (3.2.3.3-1-4-1).Table (3.2.3.3-1-4-1) shows the 
results of the shear box test for  c & ф (Appendix A). 
The straight-line relationship between the horizontal shear force T and 
vertical normal load N is given as: 
 
                            T = N. tan ф + c. A                  
                                    Τ = s = σn . tan ф +c   
              
Where the shear strength test parameters are: 
                      tan ф  = coefficient of internal shear 
surface, 
                             ф = angle of internal friction,  
                             c = cohesion (if any), and 
                             A= area of shear 
From the plotted curves c & ф were calculated for the sand of different 
ratios. 
According to the results of the shear box tests, model material with a ratio of 
1.5% used motor oil isselected.  
 
 
 
 
 
 
 
 
 
       
               Fig (3.2.3.3-1-4-1) Shear strength relationship (oil 1.5%) 
 
y=0. 6755x+11.797 
Sand with mixed used motor oil 1.5% 
C=11.797 KPa 
ф  = 34º 
 
 
 
 
 
 
 
3.2.3.3-1-5   Young's modulus (Е), Possion's ratio (υ) 
 
Using the same shear box apparatus which was used in section ((3.2.3.3-1-4) 
Young's modulus has been measured for the already selected model 
material. The results of the tests are computed in Table (3.2.3.3-1-5-1) 
(Appendix A). 
From the above mentioned data a curve of stress-strain was plotted. Then 
from the tangential slope of the stress-strain curve Young's modulus is 
calculated 
Fig (3.2.3.3-1-5-1). 
The value of the Possion's ratio is taken from the literature between 0.15-
0.18. 
Bengt Stillborg and Ove  Stephansson [6 ]. 
 
 
 
               Fig (3.2.3.3-1-5-1) Stress-strain curve 
 
 
 
 
 
 
3.2.3.3-1-6  Unconfined compressive strength (σuc) 
 
Unconfined compressive strength is obtained from the results of a triaxial 
test apparatus. The test specimen is first inserted in a thin rubber membrane, 
then loaded through a calibrated spring by a simple manually-operated screw 
jack at the top of the machine. In order to test soil of varying strengths a 
range of springs are supplied. Then the graph of load against deformation is 
drawn. Knowing the vertical deformation, the area of the sample at failure 
can be obtained and hence the stress.  The cohesion of the soil is taken to be 
one half of the stress at failure. The calculated results are shown in Table 
(3.2.3.3-1-6-1) (Appendix A).Fig (3.2.3.3.-1-6-1) shows the unconfined 
compression test of model material. 
Bulk density (γ) of the model material is equal to 0.0123 N/cm³. 
 
 
 
 
 
        Fig (3.2.3.3.1-6-1) Unconfined compression test for model material 
 
 
 
 
3.2.3.3-1-7 Properties of the model material used 
The results presented here in Table (3.2.3.3.7-1) are from the tests on sand 
mixed with used oil for the purpose of the experimental work.  
 
          Table (3.2.3.3.1-7-1) Results of the model sand 
 
 
Sand (+)used motor oil  
 
Components 
 
100:1.5 
Mixing ratio in % 
by weight 
 
0.0123 
Bulk density γ        
(N/cm³) 
 
 
0.15 – 0.18 
Possion's ratio υ 
 
 
34º 
Angle of internal  
  friction (degree) 
ф 
 
11.797 
Cohesion 
C (KPa) 
 
 
6 
Unconfined 
compressive 
strength 
σuc (KPa) 
 
37515 
Young's modulus  
E (KPa) 
 
 
 
 
 
 
 
 
 
 
 
      
3.3 Base friction method 
3.3.1 Construction of the model 
The base friction model is constructed in Khartoum University at the 
laboratory of Mining Engineering Department. All the main parts were 
brought from the local market. 
The views of base friction apparatus and sketch of lateral loading system are 
shown in Fig (3.3.1-1) and Fig (3.3.1-2) 
The main parts of the base friction model have been supplied by the author 
and constructed in the required dimensions. 
 
(a)Beams 
 
Table (3.3.1-1) The main parts of the model 
 
          Location          Length 
         Cm 
Number of          
pieces 
Shapof       
Beams 
Horizontal side tie bars         120           4             
        I 
Stands          60           4               
        I 
Horizontal side tie bars        120           4         L    
   2 inches  
Model material frame             
barrier 
         
       100 
           
          1 
         L 
2 inches 
Belt base  horizontal holders          
 
       100 
           
 
          2 
          
 
             
Metal plate base vertical       
supports  
 
       50           
  
              
          4 
          
         
 
 
 
 
 
 
 
 
 
 
 
 
Fig (3.3.1-1) and Fig (3.3.1-2) 
1- Frame of model material 
2- Frame barrier of model material. 
3- Moving belt. 
4-Moving belt with coarse sand particles (1.2<x<1.7) mm adhered to the         
top of the belt surface covering 170cm of is length. 
5- Drums. 
6- Pulley. 
7- Smooth and stiff metal plate placed under the belt. 
8-A double- layered plastic sheet covering the upper surface of the metal          
plate. 
9- Glass box filled with filtered pure water dimension (45*45*45” cm.) 
10- Electric motor. 
11- Gear box. 
12- Model material. 
13- Mine opening 
 (b) Wooden frame of model material 30*30*2.5 cm. 
(c) Belt 300*62.4*0.3 cm with coarse sand particles  
  (1.2<x<1.7 mm) adhered to the top of the belt surface covering 170 cm. 
(d) Drums     
                                                                                   
Location         Length, cm  Number of pieces 
Support of the belt 75cm*11Ø 2 
 
(e) Two pulleys Ø 10 cm. 
(f) A smooth and still metal plate placed under the belt 105*26cm. 
(g) A double-layered plastic sheet covering the upper surface  
 of the metal plate. 
(h) Class box filled with filtered pure water dimension  
 (45*45*23 cm) simulating the overburden loading force (0.5 N/cm²)      
(i) Circular and trapezoidal opening with different sizes (cross- sectional 
area)    
(j) A slow electric motor with a linear speed of 3 mm/min.  
The drive system comprises a 0.5 Hp reversible motor connected to a gear reducer. 
 
 
 
 
 
 
 
 
 
3.3.2       Base friction apparatus 
 
The view of the base friction apparatus is shown in Fig (3.3.2-1) 
 
 
 
Fig (3.3.2-1) View of base friction apparatus 
 
The maximum size of the model is 30cm length, 30cm width, and 2.54 cm     
thick. 
The characteristics of the apparatus are: 
      1- The base friction shear force is provided by pulling the belt at a 
                   very low speed (3mm/min.) 
      2- The lateral loading force can be controlled by the glass box 
(45x45x23 cm) filled with filtered pure water simulating the over burden 
load. 
     3- The applied load in the base friction apparatus is mainly controlled by 
the friction coefficient µ between the model material of the belt and the 
weight of the model itself.  
             
 
 
 
 
 
 
3.3.3 Parameters of the model  
 
The analysis iscarried out on one layer. This layer as mentioned above 
consists of 100% sand mixed with 1.5%.used motor oil  
To overcome the difficulties involved with high values of the scale factor ξ, 
a method was developed which permits to increase the friction acting along 
the lower surface of the model. The most efficient way is to add a 
controllable water pressure (Pwater )to the own weight of the model. 
The stresses in the model are given by the following expressions: 
Shear stress under the model is equal: 
τ = (e' γ'+Pwater) µ 
 
To represent the real stress in the prototype, τ has to be equal to e' γ. λ in the 
model, so that: 
 
                                    e' γ. λ = (e’ γ'+ Pwater) µξ  
 
Neglecting the own weight of the model, which is very small compared to 
the weight of the water Pwater : 
 
                                         µξ
λγ
.
'..ePw =  
Stress in prototype            '... yyy λγγσ ==  
Stress in model             
'
'..'
e
ypwy µσ =  
Stress scale      
'y
y
σ
σξ =  1.34
6
205 ==   
geometric scale  
'y
y=λ   
                                         
Where: - 
e΄- thickness of the model material 
γ – bulk density in the prototype  
µ – coefficient of friction between model and moving surface 
γ΄- bulk density in the model  
 
 
ξ And λ are the scale factors relating to similitude laws and are called 
respectively (stress scale) and (geometric scale) 
 
The characteristics of model material and of chromite ore are taken as 
follows: 
e΄=2.54cm  
γ  = 0.041N/ cm³ 
γ' =0.0123 N/ cm³ 
µ  =0.577 
λ  = 100 
 
 
Then the water pressure Pw is equal: 
 
 PW µξ
λγ
.
'..e=   = 053.
1.34577.0
041.10054.2 =×
×× N/cm² 
   
The stresses in the model are correctly simulated in the x´y´– plane parallel 
to its support, i.e., increasing linearly with depth Fig (3.3.2-1). But contrarily 
to the nature,  the stress normal to this plane σ z΄= Pwater is constant over the 
entire model. This does not significantly affect the behavior of the model as 
long as σz΄ remains the intermediate principle stress. 
             
At the bottom ( max'' yy = ), no failure should occur in y΄z΄-plane  
 pcy
e
pwy .'max'.
'
.max; λσµσ +≤= w 
 
With   λp Φ−
Φ+=
sin1
sin1  
 Where: 
                λp - passive earth pressure   
                ф  - angle of internal friction 
 
 
 
      
                                                   
 
 
 
 
 
 
 
 
 
 
 
 
Fig (3.3.2-1) Schematic way showing mechanism of dragging 
 
 
 
 
 
 
 
 
 
                                        
CHAPTER FOUR 
Model Test Set up 
 
 4.1 Introduction        
            
This chapter presents the procedure and results of the experiments conducted in this research. Forty tests were carried  on various 
types of mine opening shapes and for different  geometrical shapes of the system to assess the actual patterns of behavior for 
these mine openings.  
The purpose of these tests is to collect the largest possible number of 
observations and to observe the behavior of the displacement and failure 
form in various two dimensional zones around the mine openings. 
The results obtained permit to analyze the effect of the shape, dimensions of 
the mine opening and factors affecting the formulation of the mechanism of 
displacement and failure form. The result will also enable the verification of 
analytical solution. 
To implement these objectives, tests were conducted according to the 
programme reported in Table (4.1-1).The final results on the measured 
displacements at the selected points are shown in Fig (4.1-a,b) and  
Fig ( 4.1-c,d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               Table (4.1-1) Programme of the test 
Overburden 
height 
H, cm 
Distance 
between 
openings   cm 
Diameter  (D) 
Width   (W) cm 
Shape of the 
Opening 
Model 
Number 
- 1 
D/2 2 
D 3 
1.2D 4 
 
 
12.5 
1.5D 
 
 
5 
5 
- 6 
D/2 7 
D 8 
1.2D 9 
 
 
13 
1.5D 
 
 
4 
10 
- 11 
D/2 12 
D 13 
1.2D 14 
 
 
13.5 
1.5D 
 
 
3 
 
 
 
 
 
 
 
 
Circular 
15 
13 - 6 Circular 16 
- 17 
0.5W 18 
W 19 
1.2W 20 
 
 
13 
1.5W 
 
 
5 
21 
- 22 
0.5W 23 
W 24 
1.2W 25 
 
 
13 
1.5W 
 
 
3.5 
 
 26 
- 27 
0.5W 28 
W 29 
1.2W 30 
 
 
13.75 
1.5W 
 
 
2.6 
 
 
 
 
 
 
 
 
Trapezoidal 
31 
13 - 7 Trapezoidal 32 
- 5 33 13 
- 3 
Circular 
34 
13 - 2.6 Trapezoidal 35 
14 36 
15 
- 5 Circular 
37 
12.5 38 
14 39 
15 
 
- 
 
5 
 
 
Trapezoidal 
40 
 
 
 
            Fig (4.1- a, b) locations of the measuring points  
 
 
                 
 
 
  
 
                    Fig (4.1- c, d) locations of the measuring points 
 
 
   
                                                              
4.2 Model demonstration 
 
The 30x30 cm model is contained in a 2.54 cm thick wooden frame. The 
frame lies on a roller bearing and is fixed to the chassis by L shape beam as 
a barrier. A cubic glass box (45x45x45 cm) is filled with pure water placed 
on the top of the model. This allows the application of the required water 
pressure Pw upon the model photo4.2-1. 
 
 
                          
 
                  Fig (4.2-1 Glass box with filtered pure water 
 
Both the frame and the glass box were placed on the rubber belt. 
The rubber belt 300x62.4x0.3 cm with coarse sand adhered to it represents 
the moving base. It is drawn along the length of the plate and pass over two 
steel rollers of 75 cm long and 11 cm in diameter one at each end of the plate 
.One of the plate is driven by a motor, while the other one is free to keep the 
belt straight during the movement.  A smooth and stiff metal plate 105 cm 
long and 62 cm wide is placed under the belt with a double-layered plastic 
sheet covering the upper surface of the metal plate. 
 
 
 
 4.3 Test procedure 
 4.3.1 Experimental Set up 
The selected model material, with 100 % sand size (0.08<x<0.42 mm) and 
1.5% of used motor oil is placed in the wooden frame. 
The sand mixed with used motor oil is to form a thin layer on the square grid 
already placed on the top of the model surface. 
Then the openings with different shapes and sizes were excavated as shown 
in. Fig (4.3.1-1)             
               
  
 
 
                                    Fig (4.3.1-1) Excavation of the opining 
 
In the second stage the model is subjected to its own weight and an 
additional pressure of 0.5 N/cm² -simulated by applying a box with water 
Pw- distributed uniformly on its surface. 
 
4.3.2 Experimental procedure 
The experiment is started by switching on the electrical motor. The belt 
starts to move while the box filled with pure water, forming the overburden 
pressure, kept in place by the steel barrier. Then deformation due to the 
tunnel excavation occurs. The test is stopped after seventy minutes. At the 
present state, the displacements and failure forms of the model are measured 
directly on the model at each observation point. 
 
 
 
 
4.4 Parameters under study 
 
The parameters commonly investigated in these tests as provided in the 
program were as follows: 
            
     (1) Single opening 
     (2) Various shapes of opening. 
               - Circular 
               -  Trapezoidal 
     (3) Various ratios of diameter and width. 
     (4) Overburden height. 
 
Using these parameters we studied the following:   
              
   
      (1)  The relationship between the height of collapse and the ratio of the 
overburden to the width of the opening. 
     (2)  The relationship between the height of collapse with inceasing the 
height of the overburden 
     (3) The influence of width of the opening in controlling the pillar size. 
     (4) Relationship between the roof collapses with increasing the               
cross – sectional area of the opening.            
     (5) The relationship between the heights of roof collapse with 
increasing the width of the opening.              
     (6) The relationship between the heights of the roof collapse with 
increasing the height of the opening.  
The displacements and failure forms of the model are measured directly on 
the model for each observation point at x΄ - y΄ axis with accuracy to 
the nearest millimeter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER FIVE  
Results And Discussions 
 
5.1 The case of physical model 
5.1.1 Introduction 
Two-dimensional gravity load can be simulated by physical model in several ways.One 
of these is the base friction method which permits the replacement of gravity 
by frictional forces in two-dimensions by a physical model.  
With this aim, a base friction model has been developed. The model aims at 
providing a tool which can qualitatively predict the failure that would occur 
around an excavation and the change in the failure form pattern which will 
occur with changes in excavation geometry.The failure and deformation 
initiated near the exposed surfaces of excavation create a safety hazard to 
both safety and functional performance.This problem can be avoided by 
adopting suitable design of the excavation, which requires an understanding 
of both deformation and failure processes. 
5.1.2   Parameters studied in the model 
As it is shown in Table (4.1-1) circular and trapezoidal openings with 
different pillar sizes, diameter, width and overburden height were studied. 
5.1.3 Displacements and failure forms 
The field of these displacements and the measurements of the roof collapse 
were determined with the aid of construction of lines forming a net 1cm 
by1cm drawn on a glass sheet placed on the model frame. A digital camera 
was used to take photographs of deformed openings at each seventy seconds 
interval after the belt was moved. The height of the roof collapse and 
displacements of observation points results have been reported in Tables 
(5.1.3-1 to5.1.3- 40) and Table (5.1.3. -41) Appendix (A)  
In all the base friction models tested in this thesis, after the excavation of the 
tunnels, the first ruptures and spalling appear at the height of the opening. 
Then the rock arch situated just above the opening without abutments, falls 
down; a new arch develops above the first one and falls down, too, and so 
on. The failure propagates until the surface; no equilibrium is possible Fig 
(5.1.3-1 to5.1.3- 40) Appendix (B) shows the typical failure forms and the 
height of collapse of different models. 
 
 
 
 
 
 
5.1.4 Test results 
 
5.1.4.1 Effect of the height of overburden to the width of the openings. 
             
Figs (5.1.4.1-1, 2) shows the relationship between the height of the collapse 
(h) and the ratio of the overburden height to width of the openings (H/D 
and/or H/W). 
When the ratio of the height of the overburden “H” to the width of the 
opening (D and/or W) increases the height of the collapse decreases.With 
data fitting using polynomials the most suitable equations expressing the 
relationship between “h” and (H/D and/or H /W) were given by: 
 
                                       For circular opening shape  
                                  
                                        hc= 85.004e
-1.0963H/D 
                                     
                                      For trapezoidal opening shape  
 
                                       hT =76.892e
-0.9254H/W  
 
It is clear that cave- in is more likely to occur in trapezoidal opening shape 
model than in circular opening shape model. 
It is also clear that at the constant height of the overburden (H) and with 
increasing the width of the opening (D and/or W) the height of the collapse 
(h) is increasing. 
The increasing of the height of the collapse occurred much in trapezoidal 
opening shape than in circular opening shape (about 1.6 times more in 
trapezoidal opening shape than in circular opening shape). 
Usually at the mine site the location of the opening is well defined and it is 
only necessary to choose the shape and cross-sectional area. 
The above-mentioned method is very useful for finding the suitable shape 
and cross-sectional area of an opening at a certain depth.                  
       
 
 
 
 
 
 
 
   
Fig (5.1.4.1-1) The relationship between the height of the collapse (h) and 
the ratio of the overburden height (H) to the width of the opening (D)          
 
             
     
 
 Fig (5.1.4.1-2) The relationship between the height of the collapse (h) and      
the ratio of the overburden height (H) to the width of the opening (W).     
 
 
5.1.4.2 Effect of pillar (zone influence) on heigh of collapse 
 
 The concept of zone influence of an excavation is important in mine design, 
since it may provide considerable simplification of design problem. The 
general rule is that openings lying outside one another’s zones of influence 
can be designed by ignoring the presence of others .Problem related to zone 
of influence arises frequently in chromite mines. Haulage access and service 
openings must frequently be located for reasons of economy and practicality, 
in the zone of influence of the major production openings.  
Result of series models, for different sizes of circular and trapezoidal 
openings, as shown in figs (5.1.4.2-1, 2, 3, 4, 5, 6) were made with S=0.5, 1, 
1.2 and 1.5(D and/or W). 
The relationship between the pillar size (S) and height of collapse (h) was 
obtained by the following equation: 
 
                       For circular opening shape: 
    
hc=0.3776s²-4.8874s+18.376 
 
When D =5cm 
 
hc=0.8146s²-8.393s+23.529 
 
When D = 4cm 
 
And 
 
hc= 0.0987s²-0.7291s+2.0752 
 
When D = 3cm 
For trapezoidal opening shape: 
 
hT= -0.046s²-1.1676s+14.133 
 
When W= 5cm 
 
hT= -0.1467s²-1.5521s+16.173 
 
When W= 3.5cm 
 
And 
 
hT= -0.08 s²-0.7086 s+20.769 
W=2.6 cm 
 
For both circular and trapezoidal opening shapes it can be shown from the 
equation mentioned above that the height of the collapse within the tested 
range shows three different patterns of behavior:  
     (a) At a very close spacing (0.5D and/or 0.5W) the interference in the 
displacement becomes overlapping and effectively becomes or behaves 
as a single opening i.e. (Strong interference). 
    (b) At spacing of (1, 1.2 D and/or1, 1.2 W) there is a slightly less 
interference, and smaller zone of interference occur i.e. (mild 
interference). 
    (c) At the spacing greater than 2D and/or 2W, openings behavior becomes 
much more dependent on individual opening behavior i.e. (no 
interference)  
           
The experiments showed that the trapezoidal openings have less zone of 
interference than the circular opening.  
When cross-sectional area of trapezoidal opening shape is reduced, the 
height of the collapse behaves like the case of a circular shape.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig (5.1.4.2-1) The relationship between the pillar(S) size and the height of  
the roof collapse(h). 
 
 
 
 
Fig (5.1.4.2-2) The relationship between the pillar size (S)and the height of 
the roof collapse(h).       
 
 
 
 
 
 
 
 
Fig (5.1.4.2-3) The relationship between the pillar size (S)and the height of  
the roof collapse(h).                   
 
 
 
 
 
Fig (5.1.4.2-4) The relationship between the pillar size (H)and the height of    
the roof collapse(h). 
 
 
 
 
 
 
Fig (5.1.4.2-5) The relationship between the pillar size (S)and the height of      
the roof collapse(h). 
 
 
 
 
 
Fig (5.1.4.2-6) The relationship between the pillar size(S) and the height of    
the roof collapse(h) 
 
 
 
 
5.1.4.3 Effect of cross-sectional area on height of collapse 
 
At a depth of 13 cm resembling the height of overburden eight models were 
studied. Four of circular shape with cross-sectional areas 7.1, 12.6, 19.6 and 
28.3cm² and another four of trapezoidal shape of the same cross-sectional 
areas.  
Fig (5.1.4.3-1, 2) shows the relationship between the crosssectional area “A” 
and the height of the collapse (h). An equation expressing the relationship 
between “A” and “h” is given as,  
 
For Circular opening model 
 
hc = 0.3505A-1.8742 
 
For Trapezoidal opening model 
 
hT = 0.5815A-4.428 
             
It is very clear from the results that the height of collapse (h) of opening 
increases linearly with increasing cross-sectional area.  
Again it is clear that cave-in is type the of failure more likely to occur in a 
trapezoidal model than in circular model. 
            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig (5.1.4.3-1) The relationship between the heights of the roof collapse(h) 
and the cross-sectional area(A). 
  
 
Fig (5.1.4.3-2) The relationship between the heights of the roof collapse (h) 
and the cross-sectional area (A). 
 
 
 
 
 
5.1.4.4 Effect of the overburden heights on height of collapse 
 
The rock surrounding deep excavations is subjected to stresses which is 
high enough to cause severe local fracturing and defloration. The 
fracturing initiated near the exposed surface of excavations creating 
hazards to safety and functional performance. This hazard causes 
commonly is taken care of by the suitable design .  
Fig (5.1.4.4-1,2) shows the relationship between the height of the 
overburden “H” to models chosen for the circular opening shape with the 
diameter R and trapezoidal opening shape with width W. The overburden 
height was varied between 12.5 cm and 15 cm with 0.5 cm increments. 
The relationship between “H” and “h” is found to be governed by the 
expression:  
 
For circular opening shape 
 
hc=1.23H-11.14 
 
For trapezoidal opening shape 
 
hT= 1.48H-14.21 
 
As shown above, the greater the height of overburden (H) the greater the 
height of collapse (h). 
This phenomenon occurs for both trapezoidal and circular opening shapes. 
For trapezoidal opening shape, cave-in occurs thirty seconds earlier than for 
circular opening shape. 
 
 
 
 
 
 
 
 
 
 
 
 
        
                                                       
 
 
Fig (5.1.4.4-1) The relationship between the height of the roof collapse(h) 
with the height of the overburden(H)-Circular opening 
 
 
 
 
 
Fig (5.1.4.4-2) The relationship between the height of the roof collapse(h) 
with the height of the overburden(H)-Trapezoidal opening 
 
 
 
 
5.1.4.5     Effect of the width of the openings on height of collapse   
 
Fig (5.1.4.5-1, 2) shows the relationship between the height of collapse 
“h” and width of opening (D and/or W) , for same depth (13cm) for both 
circular and trapezoidal opening types. From the result, an empirical 
equation between “h” and (D and/or W) is obtained as follows 
   
For circular opening shape 
 
hc=2.46D –7.16 
 
For trapezoidal opening shape 
 
hT=2.79W-7.26 
  
It is clear that from the equations the height of collapse (cave-in) "h" is 
proportional to the width (D and/or W) of the openings and tends to 
occur more  
earlier in trapezoidal opening shape than in circular opening shape.  
An important objective of the above mentioned equations is to investigate 
the significance of widths of the circular and trapezoidal openings. The 
comparison between the two different types of openings results, shows 
that at the same depth with the same width the height of collapse is 
greater in the trapezoidal opening . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig (5.1.4.5-1) The relationship between the height of the roof collapse (h) 
Vs width of the opening(D). 
 
 
  
Fig (5.1.4.5-2) The relationship between the height of the collapse(H) Vs  
width of the opening(W). 
 
 
 
 
5.1.4.6     Effect of the height of the opening (ho) on height of collapse   
 
 The effect of the height of the opening shape is shown in Fig (5.1.4.5-
1,2) for both circular and trapezoidal openings shape at H=13cm with 
cross sectional area 7.1,12.6,19.6 and 28.3cm.The equations explain the 
mode of failure and measured roof collapse “h” has the following 
formulas  
 
For circular opening shape 
 
hc=0.4h²o-1.12ho+0.44 
 
For trapezoidal opening shape 
 
hT=2.34h²o-12.575ho+17.3 
 
The progressive development of roof collapse “h” occurs with increasing the 
height of the opening. It is clear that the greater the height of the opening, 
the greater the height of the collapse is. 
Again it is very clear that the height of the collapse is more likely to occur in 
trapezoidal opening shape than in case of circular opening shape. 
   
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig (5.1.4.6-1) The relationship between the heights of the roof collapse with 
increasing the height of the opening. 
 
 
 
  Fig (5.1.4.6-2) The relationship between the heights of the roof collapse     
with increasing the height of the opening. 
 
 
 
 
 5. 2 Finite Element Applications 
 
5.2-1 Introduction  
  
The finite Element Method is a numerical analysis technique that is 
considered as the most flexible analysis methods available to the use of 
engineers of every discipline.It becomes a valuable tool for many scientists 
and engineers to solve rather complex problems.The need for the Finite 
Element Method is generated by the urgent demand to obtain scientifically 
correct solutions to complex problems. 
 
Finite Element Techniques   5.2-2 
          
The key to the formulation of the problem is to generate a mesh of well-
defined element for the given media.The mesh, for example, can contain 
triangular or rectangular elements. 
Each element will be discrete and will have a predetermined geometric 
shape and dimensions. The elements are defined by their  nodes or nodal 
points. The numbering of nodes helps to discrete the topology of the one, 
two or three-dimensional media.   
Nodes usually lay on the element boundaries where adjacent elements are 
considered to be connected. In addition to boundary nodes, an element may 
also have a few interior nodes. The nodal values of the field variable and the 
interpolation functions for the elements completely define the behavior of 
the field variables within the elements. For the finite element representation 
of a problem, the nodal values of the field variable become the new 
unknowns. Once these unknowns are found, the interpolation functions 
define the field variable throughout the assemblage of elements. 
Clearly, the nature of the solution and the degree of approximation depend 
not only on the size and number of the elements used, but also on the 
interpolation functions selected. The ability to formulate solutions for 
individual elements before putting them together to represent the entire 
problem is diffecult. This means, for example, that if we are treating a 
problem in stress analysis, we can find the force-displacement or stiffness 
characteristics of each individual element and then assemble the elements to 
find the stiffness of the whole structure. In essence, a complex problem 
reduces to considering a series of greatly simplified problems. 
 
 
 
5.2-3 Formulation of Elements properties 
 
The advantage of the finite element method is the variety of ways in which 
one can formulate the properties of individual elements. There are basically 
four different approaches. 
              The first approach to obtaining element properties is called the 
direct approach because its origin is traceable to the direct stiffness method 
of structural analysis. 
            Secondly the element properties obtained by the direct approach can 
also be determined by the more versatile and more advanced variation 
approach. The variation approach relies on the calculus of variations and 
involves extremizing a functional. For problems in solid mechanics, the 
functional turns out to be the potential energy, the complementary potential 
energy, or some derivative of these, such as the Reissner variation principle. 
Knowledge of the variation approach is necessary to work beyond the 
introductory level and to extend the finite element method to a wide variety 
of engineering problems. Whereas the direct approach can be used to 
formulate element properties for only the simplest element shapes, the 
variation approach can also be employed for both simple and sophisticated 
element shapes. 
          The third and even more versatile approach to derive element 
properties has its basis entirely lying in mathematics and is known as the 
weighted residuals approach. The weighted residuals approach begins with 
the governing equations of the problem and proceeds without relying on a 
functional or a variation statement. This approach is advantageous because it 
thereby becomes possible to extend the finite element method to problems 
where no functional is available. For some problems, we do not have a 
functional - either because one may not have been discovered or because one 
does not exist. 
             The fourth approach relies on the balance of thermal and/or 
mechanical energy of a system. The energy balance approach (like the 
weighted residuals approach) requires no variation statement and hence 
broadens considerably the range of possible applications of the finite 
element method. Regardless the approach used to find the element 
properties, the solutions of a continuum problem by the finite element 
method always follows an orderly step-by-step process. To summarize in 
general terms how the finite element method works, we will succinctly list 
these steps now. 
  
 
 
 
 
 5.2-4Steps of the 
solution  
 
               1- The first step is the discretiztion of the continuum by dividing it 
or into elements.  
A variety of element shapes may be used, and, with care, different element 
shapes may be employed in the same solution region. Indeed, when 
analyzing an elastic structure that has different types of components such as 
plates and beams, it is not only desirable but also necessary to use different 
types of elements in the same solution. Although the number and the type of 
elements to be used in a given problem are matters of engineering judgment, 
the analyst can rely on the experience of others for guidelines.  
             2-The next step is to assign nodes to each element and then choose 
the type of interpolation function to represent the variation of the field 
variable over the element. The field variable may be a scalar, a vector, or a 
higher-order tensor. Often, although not always, polynomials are selected as 
interpolation functions for the field variable because they are easy to 
integrate and differentiate. The degree of the polynomials chosen depends on 
the number of nodes assigned to the element, the nature and number of 
unknowns at each node, and certain continuity requirements imposed at the 
nodes and along the element boundaries. The magnitude of the field variable 
as well as the magnitude of its derivatives may be the unknowns at the 
nodes. 
            3- Once the finite element model has been established (that is, once 
elements and their interpolation functions have been selected), determination 
of the matrix equations expressing the properties of the individual elements 
will be ready. For this task, one of the four following approaches may be 
used: the direct approach, the variation approach, the weighted residual 
approach or the energy balance approach. The variation approach is often 
the most convenient, but for any application the approach used depends 
entirely on the nature of the problem. 
          4- To find the properties of the overall system modeled by the network 
of elements, we must assembled all the element properties. In other words, 
the matrix equations expressing the behavior of the elements should be 
combined and form the matrix equations expressing the behavior of the 
entire solution region or system. The matrix equations for the system have 
the same form as the equations for an individual element except that they 
contain many more terms because they include all nodes. 
 
 
 
The basis for the assembly procedure stems from the fact that, at a node 
where elements are interconnected, the value of the field variable is the same 
for each element sharing that node. Assembly of the element equations is a 
routine matter in finite element analysis and usually done by computer. 
Before the system equations are ready for solution, they must be modified to 
account for the boundary conditions of the problem.  
             5- Solve the system equations. The assembly process of the 
preceding step given a set of simultaneous equations which we can solve to 
obtain the unknown nodal values of the field variable. If the equations are 
linear, we can use a number of standard solution techniques.  
             6- Sometimes we may want to use the solution of the system 
equations to calculate other important parameters. For example, in a fluid 
mechanics problem such as the lubrication problem, the solution of the 
system equations gives the pressure distribution within the system. From the 
nodal values of the pressure, we may then calculate velocity distribution and 
flows or perhaps shear stresses if these are desired. 
    
5.2-5 Computer Programs  
  
In order to program the finite element method effectively the programmer 
must have a working knowledge of some programming languages.     
There are already many readily available computer programs, which will 
solve problems and yield acceptable results. These programs can be  
easily used for the formulation of rock mechanics problems such as the 
stress concentrations around openings. 
 
5.2-6 Program used  
 
The programs used in this study are written in FORTRAN, which solve two 
dimensional static equilibrium equations, by considering the nodal points 
displacements of examined domain as the unknowns of the problem and 
holds the hypothesis of small deformation.  
  
 
 
 
 
  
 
 
 5.2-7 Openings 
analysis 
 
Opening analysis is a major problem in the field of mining engineering and 
rock mechanics. Each opening analysis problem will have its particular 
complications due to the rocks properties, of the surrounding media, the 
loading conditions, climatic effects and the method of performing the actual 
drilling and construction. All these factors will influence the stress flow and 
concentrations around the boundaries and neighborhood of the opening 
itself. These stress values have to be determined to critical accuracy to avoid 
any possible failure. For the theoretical study of this problem, the Finite 
Element Technique is very useful. The solution of a stress problem related to 
a continuum presents some difficulties if classical problems are used. The 
Finite Element Technique will facilitate the task to a great extent.   
For the purpose of comparing the displacement fields between the physical 
models and finite elements methods, models (1and17) from Table (4.1-1)  
Chapter four were treated.       
The finite element meshes used for these two openings are shown in figures 
(5.2.7-1, 5.2.7-2). 
To determine the effect of opening shape on the resulting stresses and 
displacements, a series of analysis were conducted on typical trapezoidal and 
circular opening shapes. 
The trapezoidal opening selected is 4 meter high, 5m base width and 4m 
wide    at the roof and the circular opining with 5m radius. 
The parameters used in this analysis are: -  
 
     - Poisson’s ration =0.15 
     - Initial vertical stress =0.53N/cm² 
     - Thickness of the layer =2.54 cm 
     - The density of the sand = 0.0123 N/cm³ 
     - Coefficient of friction= 0.577 
     - Dimension of the model = 30x30 cm 
     - Young’s modulus= 37515 KPa 
 
 
 
 
 
 
 
 
 
5.2-8 Numerical result  
 
 Some numerical results are reported in order to illustrate the main features 
of the method when it is applied to the solution of specific example problem. 
The results for the displacements around the two openings (trapezoidal and 
circular) are compared with the same physical model tested before.          
The few examples of application of finite element method show its wide 
applicability, and indeed its characteristics which make it a particularly 
suitable analysis tool in the field of mining. 
The same geometries Table (4.1-1) model 1 and model 17 with the same 
steps (consolidation, excavation) as in the physical models were studied. 
After the trial, smaller displacements at the crown and bigger displacement 
at the surface, with respect to the physical models were calculated. The 
preliminary results reported are in consent with practical observations. 
Therefore, application of the program to the study of specific problems 
should be of a value.  
Finite element results for displacement behavior around an opening give 
similar patterns to results of the base friction model test. See Fig (5.2.8-1) 
,Fig( 5.2.8-2), Fig (5.2.8-3) ,Fig (5.2.8-4) and Appendix c. 
The displacements of trapezoidal opening shown in Fig (5.2.8-1) display 
patterns similar to those of the circular opening shown in Fig (5.2.8-2). 
The highest displacements always occur at the boundary of the trapezoidal 
opening than at the circular opening. These results are also noticed at the 
physical models tested.  
The use of the finite element method again emphasizes the importance of 
collecting and understanding the geologic details of the rock mass under 
study and the necessity of knowing the strength of various geologic units.     
 
 
 
 
 
 
 
 
 
      Fig (5.2.7-1)  Finite element mesh used for trapezoidal opining shape 
 
            
 
 Fig (5.2.7-2)     Finite element mesh used for t circular opining shape   
    
 
 
 
 
 
 
 
 
 
Fig 5.2-3 Displacements in physical and numerical models 
(Trapezoidal shape model 17) 
 
 
 
                                      Physical displacement
                                      Numerical displacement
 
 
 
 
 
 
 
Fig 5.2-4 Displacements in physical and numerical models   
(Circular shape model 1) 
 
 
 
                                      Physical displacement
                                             Numerical displacement  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Original opening shape 
Fig (5.2.8-3) Displacements of trapezoidal opening shape (numerical model 17) 
 
 
  
 
 
 
 
 
 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
 
 
 
 
 
 
 
 
 
Original opening shape 
Fig (5.2.8-4) Displacements of circular opening shape ( numerical  model 1) 
 
 
 
Conclusions 
 
Based on on the results obtained from physical models and applicatios of 
finite element technique, the following conclusions are made: 
 
The shape of trapezoidal opening has the disadvantage withstand stresses 
compared with the circular opening. These trapezoidal opening with large 
width or height, developed fracture roof and floor. Also it was found from 
the experiments that the circular opening with the same width or height is 
the best to withstand stress. 
 
The stability of both circular and trapezoidal opening is influenced by width, 
height and cross-sectional shape of the opening. It can be said that the most 
significant factors affecting the final stress and/or displacement of 
underground openings are the opening shape. Proper determination of these 
parameters will ensure a sound evaluation of the behavior of an opening.  
      
The roof displacement is proportional to the width, height and cross-
sectional area. 
 
The applications of finite element technique to mining engineering and the 
field of rock mechanics are of major importance. Once a few constants 
related to the properties of the surrounding materials are determined, these 
methods will yield quick results. 
 
When the trapezoidal opening section of the model was decreased to about 
three meters the height of the collapse behaves like in a circular shape. 
It should also be noted that the stress in the pillar size of the opening 
increases as the pillar width decreases. This small ratio between pillar size 
(Wp) and the width of the opening (Wo) should be avoided in underground 
excavation, and the two openings are virtually independent of each other for 
Wp/ Wo greater than one.  
       
 
    
  
  
 
CHAPTER SIX  
                    Conclusions Applications And Recommendations 
 
6.1 Introduction 
 
With reference to the problem of caving- in of the Ingassana mines detail 
conclusions of the studies carried on the collapse of the Ingassana mines in 
this thesis have been recorded at the end of each chapter. Conclusions based 
on all the studies presented in the preceding chapters will only be outlined in 
this concluding chapter.   
A systematic study of the stability of shallow underground excavation in the 
Ingassana chromite mines is being carried out at Khartoum University 
laboratory of Mining Engineering Depatment mainly by use of base friction 
modeling.The study includes the assessment of the influence of pillar sizes, 
opening shape,cross-sectional area of the openings and the height of the 
overburden on stability of the Ingassana chromite mines. 
                                        
6.2 Conclusions 
 
Based upon the results obtained from the laboratory tests the following 
conclusions can be drawn: 
 
       1-Model materials consist of a mixture of 100% by weight of local sand 
size (0.08< x <0.42)mm., 1.5% used motor oil, can be used for wide range of 
strength depending on the base friction coefficient adopted. 
 
      2-The base friction principle in which the pressure can be varied by use 
of water column, is useful to reproduce the effects of gravity in two 
dimensional physical models of excavations in rock. The problem which is 
difficult to analyze theoretically can be studied using this technique. 
 
      3-The pressure in the base friction apparatus can easily be varied using 
hydraulic pressure during the tests. So we can obtain various model 
strengths only with one model for simulating rock in nature. 
That is, from equation  
 ξµ
λγ
.
.'.ePw =  
Rewriting of stress scale is: 
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e
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In this equation when Pw increases, stress scale decreases if λγ .'.e  and µ are 
constant 
 
Also form the equations 
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as the strength of the model is constant then changing water pressure during 
the test can simulate the various strength in nature. 
 
      4- From the experimental point of view, the principal design problem is 
that, of assessing the height of the roof collapse .The required information is: 
          
 - Unit weight of rock  
 - Unconfined compressive strength 
 - Scale factors (stress and geometric scale). 
 - Coefficient of friction.       
Of these, the first two items can be obtained from preliminary vertical or 
horizontal boring and sampling. The other two factors can be determined 
experimentally. 
 
The application of finite element technique to mining engineering and the 
field of rock mechanics, is one of major importance. Once a few constants 
related to the properties of the surrounding materials are determined, these 
methods will yield quick and accurate results. 
 
The shape of trapezoidal opening has the disadvantage to withstand stresses 
compared with the circular opening. These trapezoidal opening with large 
width or height, developed fracture roof and floor. Also it was found that 
from the experiments the circular opening with the same width or height is 
the best to withstand stress. 
 
The stability of both circular and trapezoidal opening is influenced by width, 
height and cross-sectional shape of the opening. It can be said that the most 
significant factors affecting the final stress and/or displacement of 
underground openings are the opening shape; proper determination of these 
parameters will ensure a sound evaluation of the behavior of an opening.       
The roof displacement is proportional to the width, height and cross-
sectional area. 
When the trapezoidal opening section of the model was decreased to about 
three meters the height of the collapse behaves like in case of a circular 
shape. 
 
It should also be noted that the stress in the pillar size of the opening 
increases as the pillar width decreases. This small ratio between pillar size 
Wp and the width of the opening Wo should be avoided in underground 
excavation. And the two openings are virtually independent of each other for 
Wp/ Wo greater than one.        
                        
6.3 Application to the openings in the Ingassana chromite mines 
 
The rock surrounding excavations  in the Ingassana chromite 
mines 
are subjected to stresses, which are high enough to cause local fracturing and 
deformations. The fracturing initiates near surfaces of the excavations 
creating a hazard to both safety and functional performance. This hazard can 
only be avoided by the suitable design of excavation and support, which 
requires an understanding of both the deformation and rock fracturing 
processes.Also it worth to mention that the amount of the extracted ores at 
the mines are very small, miners are not well trained and there is also the 
economical factors which restrict the proper management of the mines. 
For all the above mentioned reasons, a base friction model has been 
developed The model aims at providing a tool, which can qualitatively and 
quantitatively predict the fracturing that would occur around an excavation, 
and the change in the fracture pattern which will occur with changes in the 
excavation geometry.  
The study aims to assess the influence of opening size, spacing and shape of 
the opening. The results of the models tests indicated that the suitable 
parameters of the Ingassana chromite mines opening are: 
 
      Firstly, circular shape is the best to withstand stresses compared with the 
trapezoidal shape when subjected to deformation.  
 
     Secondly, opening diameter of about three meters gives less deformation 
and less hazards for Ingassana Hills mines.  
 
      Thirdly, the best pillar size, which can be used at the Iangassana 
chromite         mines, is more or equal to two times the diameter of the 
opening. 
 
     Fourthly, the height of the overburden  above the circular opening with 
the above-mentioned conditions ranged between 15-30 meters.       
Lastly, the base friction apparatus can be used for simulating any type of 
rock     to determine the same above-mentioned parameters.                           
    
 
 
6. 4 Recommendations 
 
The model experiments could be extended in the future to include some 
additional factors affecting the opening deformation. These factors include, 
the depth of ground water, different shapes of the opening, different layers 
of rocks, faults, and dip of the rocks. 
 
The model materials are being used to study displacement of the opening 
but are equally applicable to other areas of rock mechanics such as slope 
stability where much remains to be learned from physical modeling 
materials. 
 
To study the effect of the model material property variations of Young's 
moduls and Poisson's ratio in mathematical solution.          
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                 Appendix         (A) 
 
 
 
 
 
 
                  
 
 
 
 
 
 
 
 
 
 
 
T Load H V T Load H V T Load H V 
0 0 5.000  0 0 5.250 93 0 0 5.170 78 
1 8 5.010  1 2 5.250 1021 1 4 5.175 1017 
2 13 5.020 938 2 9 5.260 1024 2 11 5.188 1019 
3 17 5.070 944 3 16 5.280 1025 3 18.5 5.200 1022 
4 21 5.135 954 4 22 5.310 1032 4 25 5.225 1025 
5 23.5 5.202 956 5 27 5.365 1038.5 5 30.5 5.265 1032 
6 26 5.280 962 6 30.5 5.425 1045 6 35.5 5.315 1035 
7 27.9 5.362 963 7 33.9 5.499 1048 7 40 5.370 1039.5 
8 29 5.450 963 8 36 5.575 1052 8 44 5.480 1045 
9 30.25 5.535 963 9 38 5.655 1053 9 48 5.490 1047 
10 32 5.625 963 10 40.25 5.750 1055 10 51.5 5.570 1049 
11 33 5.715 963 11 42.5 5.820 1056 11 54.25 5.640 1052 
12 34 5.808 963 12 44 5.910 1056 12 57 5.725 1053 
13 34.5 5.905 963 13 45.5 6.000 1056 13 60 5.810 1054.5 
14 35 6.000 963 14 47.25 6.090 1056 14 62.5 5.890 1054.5 
15 35.1 6.105 963 15 48 6.195 1056 15 65 5.980 1054.5 
16 35.25 6.205 960 16 49 6.290 1056 16 67 6.070 1054.5 
17 35.75 6.297 965 17 50 6.389 1056 17 68.5 6.160 1054.5 
18 36 6.400 970 18 50.25 6.485 1056 18 70.25 6.250 1054.5 
19 36 6.505 980 19 51 6.585 1055 19 71.75 6.339 1054.5 
20 36 6.615 980 20 51.5 6.689 1053 20 73 6.430 1054.5 
21 36 6.725 980 21 52 6.790 1050 21 74 6.525 1054.5 
  1.400  22 52.9 6.895 1045 22 75.5 6.615 1050 
    23 53 7.000 1035 23 76.5 6.710 1047 
    24 53.5 7.105 1034 24 77 6.805 1045.5 
    25 53.5 7.210 1028 25 78 6.901 1039 
    26 53.5 7.315 1025 26 79 7.005 1034 
    27 53.5 7.425 1020 27 79.5 7.101 1032 
      1.855  28 79.9 7.201 1026 
        29 80 7.299 1024.5 
        30 80 7.390 1018 
        31 80 7.490 1010 
        32 80 7.590 1005 
          2.129  
Table(3.2.3.1-4-1) Results of the shear box for c & Ф 
 
 
1 H displacement 
div= 0.01 mm     
 1 H  load div= 0.0049359 KN     
 
Normal 
load (kPa) 
shear 
load 
(DIV) 
displacement 
(DIV)  
Area  
(m2)  
Normal 
load (KPa)
shear load 
(KPa) 
1 53.57 36 140  0.003516  54.849829 50.538225
2 96.43 53.5 185.5  0.003489  99.506406 75.693138
3 142.86 80 112.9  0.003532  145.5997 111.79019
Vertical Stress = 
142.86kPa  P.R.F= 0.0049359 KN  
T load(div) σ (kPa) H 
d h 
(mm) Є V 
d v 
(mm) 
0 0 0 5.170 0.000 0.000 78 0 
1 4 5.48479 5.175 0.005 0.000 1017 1.878 
2 11 15.08644 5.188 0.018 0.000 1019 1.882 
3 18.5 25.37773 5.200 0.030 0.001 1022 1.888 
4 25 34.30853 5.225 0.055 0.001 1025 1.894 
5 30.5 41.88436 5.265 0.095 0.002 1032 1.908 
6 35.5 48.79137 5.315 0.145 0.002 1035 1.914 
7 40 55.02676 5.370 0.200 0.003 1039.5 1.923 
8 44 60.64098 5.480 0.310 0.005 1045 1.934 
9 48 66.16488 5.490 0.320 0.005 1047 1.938 
10 51.5 71.08469 5.570 0.400 0.007 1049 1.942 
11 54.25 74.96852 5.640 0.470 0.008 1052 1.948 
12 57 78.8814 5.725 0.555 0.009 1053 1.95 
13 60 83.15195 5.810 0.640 0.011 1054.5 1.953 
14 62.5 86.73351 5.890 0.720 0.012 1054.5 1.953 
15 65 90.34001 5.980 0.810 0.014 1054.5 1.953 
16 67 93.26151 6.070 0.900 0.015 1054.5 1.953 
17 68.5 95.49487 6.160 0.990 0.017 1054.5 1.953 
18 70.25 98.08412 6.250 1.080 0.018 1054.5 1.953 
19 71.75 100.33 6.339 1.169 0.019 1054.5 1.953 
20 73 102.236 6.430 1.260 0.021 1054.5 1.953 
21 74 103.8044 6.525 1.355 0.023 1054.5 1.953 
22 75.5 106.0713 6.615 1.445 0.024 1050 1.944 
Table 
(3.2.3.
3.1-5--
1) 
Results 
of the 
shear 
box for 
Young'
s 
modul
us   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
23 76.5 107.6509 6.710 1.540 0.026 1047 1.938 
24 77 108.5309 6.805 1.635 0.027 1045.5 1.935 
25 78 110.1215 6.901 1.731 0.029 1039 1.922 
26 79 111.7327 7.005 1.835 0.031 1034 1.912 
27 79.5 112.6258 7.101 1.931 0.032 1032 1.908 
28 79.9 113.3877 7.201 2.031 0.034 1026 1.896 
29 80 113.7219 7.299 2.129 0.035 1024.5 1.893 
30 80 113.901 7.390 2.220 0.037 1018 1.88 
31 80 114.0985 7.490 2.320 0.039 1010 1.864 
32 80 114.2966 7.590 2.420 0.040 1005 1.854 
 
 
 
 
 
 
 
 
 
Table (3.2.3.3.1-6-1 ) Unconfined compressive strength of model material   
Stress  
(KN/m²)  
Strain 
(mm) 
Stress 
(KN/m²) 
Force,
N 
Ac(mm²) Strain 
(deci)  
P.R 
(div) 
Strain 
(div) 
0 0 0 0 1134.571429 0 0 0 
4.095771 0.05 4.095771 4.65 1135.317366 0.000657 1.5 5  
4.7689747 0.2 4.768975 5.425 1137.561077 0.0026281 1.75 20 
 
Proving ring factor =3.1 N/div 
Initial area =1134.5714 mm² 
 
Maximum shear strength =12.053KN/m² 
 
 
Unconfined compressive strength = 12.053/2=                 6 KN/m²  
 
 
 
 
 
 
 
 
   
        Table 5.1.3-41  Height of the roof 
collapse of each model                      
        
Mode
l  No 
H 
Overburden 
H/R,W 
 
h, roof 
collapse 
1 12.5 2.5 4 
2 12.5 2.5 8.5 
3 12.5 2.5 3.5 
4 12.5 2.5 2.5 
5 12.5 2.5 3 
5.443076 0.3 5.443076 6.2 1139.061817 0.0039422 2 30 
5.4358951  0.4 5.435895  6.2 1140.566522 0.0052562 2 40 
6.7858929 0.5 6.785893 7.75 1142.075208 0.0065703 2.5 50 
8.1161433 0.75 6.116143 9.3 1145.864442 0.0098555 3 75 
8.3588556 1 8.358856 9.61 1149.678904 0.0131406 3.1 100 
10.749716 1.25 10.74972 12.4 1153.518847 0.0164258 4 125 
12.053038 1.5 12.05304 13.95 1157384527 0.0197109 4.5 150 
12.012646 1.75 12.01265  13.95  1161.276203 0.0229961  4.5 175 
6 13 3.25 2 
7 13 3.25 10 
8 13 3.25 3 
9 13 3.25 2 
10 13 3.25 2.5 
11 13.5 4.5 0.8 
12 13.5 4.5 1.2 
13 13.5 4.5 0.8 
14 13.5 4.5 0.7 
15 13.5 4.5 0.8 
16 13 2.2 8 
17 13 2.6 5.5 
18 13 2.6 11 
19 13 2.6 7 
20 13 2.6 6 
21 13 2.6 3 
22 13 3.71 2.5 
23 13 3.71 13 
24 13 3.71 9 
25 13 3.71 7 
26 13 3.71 4 
27 13.75 5.5 0.6 
28 13.75 5.5 1.3 
29 13.75 5.5 0.8 
30 13.75 5.5 0.7 
31 13.75 5.5 0.6 
32 13 1.9 13 
33 13 2.6 5.2 
34 13 4.33 0.8 
35 13 5 0.6 
36 14 2.8 6 
37 15 3 7.3 
38 12.5 2.5 4 
39 14 2.8 6.4 
40 15 3 8 
 
          Table 5.1.3-1 Observation result of model No.1         
 
Coordinates NO 
Before the test After the test 
1 (15, 22.5) (15, 21.8) 
2 (20.8, 20.8) (20.8, 20) 
3 (9.5, 20.8) (9.5, 20) 
4 (15, 20) (15, 19) 
5 (18.8, 18.8) (17.5, 18) 
6 (11.5, 18.8) (11.8, 17.6) 
7 (22.5, 15) (22.5, 14.3) 
8 (20, 15) (20.1, 14.5) 
9 (10, 15) (10.4, 14.3) 
10 (7.5, 15) (7.5, 14.2) 
11 (18.8, 11.5) (18.5, 11.1) 
12 (11.5, 11.5) (11.2, 11.3) 
13 (15, 10) (15.5, 10) 
14 (20.8, 9.8) (20.8, 9.5) 
15 (9.8, 9.8) (9.8, 9.5) 
16 (15, 7.5) (14.8, 7.2) 
 
                                   
        Table 5.1.3-2 Observation result of model No.2 
 
Coordinates NO 
Before the test After the test 
1 (18.8, 20) (18.5, 18.5) 
2 (11.3, 20) (11.5, 18.3) 
3 (22.3, 18.5) (22.3, 17.9) 
4 (15.3, 18.5) (15.3, 17) 
5 (14.7, 18.5) (14.7.17) 
6 (7.8, 18.5) (7.8, 18) 
7 (22.8, 15) (22.8, 14.3) 
8 (6.3, 15) (6.3, 14.3) 
9 (22.3, 11.5) (22.3, 11) 
10 (15.3, 11.5) (15.3, 11) 
11 (14.7, 11.5) (14.7, 11) 
12 (7.8, 11.5) (7.8, 11) 
13 (18.8, 10) (18.8, 9.7) 
14 (11.3, 10) (11.3, 9.7) 
 
 
 Table 5.1.3-3 Observation result of model No.3 
 
Coordinates NO 
Before the test After the test 
1 (20, 20) (20, 19) 
2 (10, 20) (10, 19.2) 
3 (23.5, 18.6) (23.5, 18) 
4 (16.6, 18.6) (17, 18) 
5 (13.4 , 18.6) (13.4 , 18) 
6 (5.4 , 18.6) (5.3 , 18.2) 
7 (25 , 15) (25 , 14.5) 
8 (15, 15) (5 , 14.7) 
9 (23.5 , 11.6) (23.5 , 11.3) 
10 (16.6 ,11.6) (16.6 , 11.4) 
11 (13.4 , 11.6) (13.1 , 11.3) 
12 (5.4 , 11.6) (5.3 , 11.3) 
13 (20 , 10) (20 , 10) 
14 (10 , 10) (10 , 10) 
 
 Table 5.1.3-4 Observation result of model No.4 
 
 
Coordinates NO 
Before the test After the test 
1 (20.5 , 20) (20.5 , 19.4) 
2 (9.5 , 20) (9.5 , 19.2) 
3 (24 , 18.5) (24 , 18.1) 
4 (17 , 18.5) (17 , 18.2) 
5 (13 , 18.5) (13 , 18.2) 
6 (6 , 18.5) (6 ,18.3) 
7 (25.5 , 15) (25.5 ,15) 
8 (4.5 , 15) (4.5 , 15) 
9 (24 , 11.5) (24 , 11.2) 
10 (17 , 11.5) (17 , 11.3) 
11 (13 , 11.5) (13 , 11.3) 
12 (6 , 11.5) (6 , 11.4) 
13 (20.5 , 12.5) (20.5 , 12.5) 
14 (9.5 , 12.5) (9.5 , 12.5) 
 
                         
 
Table 5.1.3-5 Observation result of model No.5 
 
Coordinates NO 
Before the test After the test 
1 (21.3 , 20 ) (21.3 , 19.3) 
2 (8.8 , 20) (8.8 , 19.5) 
3 (24.8 , 18.5) (24.5 , 18) 
4 (17.8 , 18.5) (17.8, 18.2) 
5 (12.3 , 18.5) (12.3 , 18.2) 
6 (5.3 , 18.5) (5.5 , 18.3) 
7 (26.3 , 15) (26.3 , 15) 
8 (3.8 , 15) (3.8 , 15) 
9 (24.8 , 11.5) (24.8 , 11.3) 
10 (17.8 , 11.5) (17.8 , 11.3) 
11 (12.3 , 11.5) (12.3 , 11.3) 
12 (5.3 , 11.5) (5.3 , 11.3) 
13 (21.3 , 10) (21.3 , 9.8) 
14 (8.8 , 10) (8.8 , 9.8) 
 
                              
  Table 5.1.3-6 Observation result of model No.6 
 
Coordinates NO 
Before the test After the test 
1 (15 , 21) (15 , 20.6) 
2 (20.4 , 20.4) (20.4 , 19.6) 
3 (9.4 , 20.4) (9.4 , 20) 
4 (15 , 19) (15 , 18.4) 
5 (17.8 , 17.8) (17 , 17.2) 
6 (12.2 , 17.8) (12.8 , 16.8) 
7 (21 , 15) (21 , 14.5) 
8 (19 , 15) (18.5 , 14.5) 
9 (11 , 15) (11.2 , 14.6) 
10 (19 , 15) (19.2 , 14.6) 
11 (17.8 , 12.2) (17.3, 12.3) 
12 (12.2 , 12.2) (12.1 , 12.3) 
13 (15 , 11) (14.8 , 11.1) 
14 (20.4 , 9.4) (20.4 , 9) 
15 (9.4 , 9.4) (9.4 , 9.2) 
16 (15 , 9) (14.8 , 9) 
 
 
         Table 5.1.3-7 Observation result of model No.7 
 
Coordinates NO 
Before the test After the test 
1 (18 , 19) (17.8 , 17.6) 
2 (12 , 19) (12.2 , 17.2) 
3 (20.8 , 17.8) (20.6 , 17) 
4 (15.2 , 17.8) (15.8 , 16) 
5 (14.8 , 17.8) (14.8 , 16) 
6 (9.8 , 17.8) (9.6 , 16.8) 
7 (22 , 15) (22 , 14.6) 
8 (8 , 15) (8 , 14.6) 
9 (20.8 , 12.4) (20.8 , 12) 
10 (15.2 , 12.4) (15.2 , 12) 
11 (14.8 , 12.4) (14.8 , 12) 
12 (9.2 , 12.4) (9.2 , 11.7) 
13 (18 , 11 ) (18 , 10.8) 
14 (12 , 11) (12 , 10.7) 
 
 
  Table 5.1.3-8 Observation result of model No.8 
 
Coordinates NO 
Before the test After the test 
1 (19 , 19) (18.6 , 18.2) 
2 (11 , 19) (11.3 , 18.3) 
3 (20.8 , 17.8) (20.8 , 17.3) 
4 (16.3 , 17.8) (16.2 , 17.1) 
5 (13.8 , 17.8) (13.6 , 17) 
6 (8.2, , 17.8) (8.2 , 17.4) 
7 (23 , 15) (22.8 , 14.6) 
8 (7 , 15) (6.8. , 14.7) 
9 (21.8 , 12.2) (21.4 , 12) 
10 (16.3 , 12.2) (16 , 12) 
11 (13.8 , 11.2) (13.6 , 12) 
12 (8.2 , 12.) (8.2 , 11.9) 
13 (19 , 11) (18.6 , 10.8) 
14 (11 , 11) (10.8 , 10.8) 
 
 
 
 
  Table 5.1.3-9 Observation result of model No.9 
 
Coordinates NO 
Before the test After the test 
1 (19.4 , 19) (19.4 , 18.4) 
2 (10.6 , 19) (10.6 , 18.5) 
3 (22.3 , 17.8) (22.3 , 17.3) 
4 (17.4 , 17.8) (17.4 , 17.4) 
5 (13.3 , 17.8) (13.3 , 17.2) 
6 (7.7 , 17.8) (7.8 , 17.2) 
7 (24.4 , 15) (24.2 , 15) 
8 (6.6 , 15) (6.4 , 14.5) 
9 (23.3 , 12.2) (23.2 , 11.8) 
10 (17.4 , 12.2) (17.4 , 11.9) 
11 (13.3 , 12.2) (13.3 , 11.9) 
12 (7.7 , 12.2) (7.7 , 11.8) 
13 (19.4 , 11) (19.4 , 11) 
14 (10.6 , 11) (10.6 , 10.8) 
 
 Table 5.1.3-10 Observation result of model No.10 
 
Coordinates NO 
Before the test After the test 
1 (20 , 19) (20 , 18.5) 
2 (10 , 19) (10 , 18.5) 
3 (23 , 18) (23.8 , 17.5) 
4 (17 , 18) (17.3 , 17.8) 
5 (13 , 18) (13 , 17.7) 
6 (7 ,18) (7.5 , 17.5) 
7 (24 , 5) (23.8 , 15) 
8 (6 , 15) (6.1 , 14.6 ) 
9 (23 , 12) (23 , 11.8) 
10 (17 , 12) (17 , 11.8) 
11 (13 , 12) (13 , 11.8) 
12 (7 , 12) (7 , 11.8) 
13 (20 , 11) (20 , 114.8) 
14 (10 , 11) (10 , 10.7) 
 
 
 
 
  Table 5.1.3-11 Observation result of model No.11 
 
Coordinates NO 
Before the test After the test 
1 (15 , 19.5) (15 , 19) 
2 (18.1 , 18.1) (18 , 17.6) 
3 (18.1 , 11.8) (18.1 , 11.2) 
4 (15 , 18) (15.1 , 17.8) 
5 (17.1 , 17.1) (17.1 , 16.7) 
6 (12.8 , 17.1) (12.9 , 16.6) 
7 (19.5 , 15) (19.5 , 14.6) 
8 (18 , 15) (18 , 14.5) 
9 (12 , 15) (12 , 14.6) 
10 (10.5 , 15) (10.5 , 14.7) 
11 (17.1 , 12.8) (17.1 , 12.6) 
12 (12.8 , 12.8) (12.8 , 12.7) 
13 (12 , 13) (12 , 13.1) 
14 (18.1 , 11.8) (18.1 , 11.6) 
15 (11.8 , 11.8) (11.8 , 11.6) 
16 (15 , 10.5) (15 , 10.4) 
  
 Table 5.1.3-12 Observation result of model No.12 
 
Coordinates NO 
Before the test After the test 
1 (17.3 , 18) (17.3 , 17) 
2 (12.8 , 18) (12.8 , 17.3) 
3 (19.4 , 17.3) (19.2 , 18.8) 
4 (15.2 , 17.3) (15.3 , 17.4) 
5 (14.8 , 17.3) (14.6 , 17.1) 
6 (10.3 , 17.3) (10 , 16.4) 
7 (20.3 , 15) (20.3 , 14.8) 
8 (9.8, 15) (9.8 , 14.5) 
9 (19.4 , 12.8) (19.4 , 12.4) 
10 (15.2 , 12.8) (15.2 , 12.4) 
11 (14.8 , 12.8) (14.8 , 12.5) 
12 (10.3 , 12.8) (10.3 , 12.7) 
13 (17.3 , 12) (17.3 , 11.9) 
14 (12.8 , 12) (12.8 , 11.9) 
 
 
 
 
    Table 5.1.3-13 Observation result of model No.13 
 
Coordinates No 
Before the test After the test 
1 (18 , 18) (18 , 17.4) 
2 (12 , 18) (12 , 17.4) 
3 (20.2 , 17.1) (20 , 16.3) 
4 (15.9 , 17.1) (16 , 16.3) 
5 (14.1 , 17.1) (14.1 , 16.1) 
6 (9.9 , 17.1) (10.1 , 16.5) 
7 (21 , 15) (21 , 14.6) 
8 (9 , 15) (9 , 15) 
9 (20.2 , 12.8) (20.1 , 12.6) 
10 (15.9 , 12.8) (15.9 , 12.6) 
11 (14.1 , 12.8) (14.1 , 12.5) 
12 (9.9 , 12.1) (9.9 , 12) 
13 (18 , 12) (18 , 12) 
14 (12 , 12) (12 , 12) 
  
Table 5.1.3-14 Observation result of model No.14 
 
Coordinates No 
Before the test After the test 
1 (18.4 , 18) (18.4 , 17) 
2 (11.6 , 18) (11.6 , 17.2) 
3 (20.6 , 17) (20.6 , 16.3) 
4 (16.2 , 17) (16.2 , 16.2) 
5 (13.2 , 17) (13 , 16.1) 
6 (9.4 , 17) (9.2 , 16.2) 
7 (21.4 , 15) (21.4 , 14.7) 
8 (18.6 , 15) (8.6 , 14.8) 
9 (20.6 , 13) (20.6 , 12.6) 
10 (16.2 , 13) (16.2 , 12.5) 
11 (13.2 , 13) (13.2 , 12.6) 
12 (9.4 , 13) (9.2 , 12.5) 
13 (18.5 , 12) (18.4 , 12) 
14 (11.6 , 12) (11.6 , 12) 
 
                                 
 
       Table 5.1.3-15 Observation result of model No.15 
 
Coordinates No 
Before the test After the test 
1 (18.8 , 18) (18.8 , 17) 
2 (11.3 , 18) (11.3 , 17.3) 
3 (21 , 17.1) (21 , 16.2) 
4 (16.5 , 17.1) (17, 16.1) 
5 (13.5 , 17.1) (13.3 , 16) 
6 (9 , 17.1) (9.3 , 16) 
7 (21.8 , 15) (21.8 , 14.8) 
8 (8.3 , 15) ((8.3 , 15) 
9 (21 , 13.9) (21 , 13.5) 
10 (16.5 , 13.9) (16.5 , 13.6) 
11 (13.5 , 13.9) (13.5 , 13.6) 
12 (9 , 13.9) (9 , 13.5) 
13 (18.3 , 12) (18.8 , 12) 
14 (11.8, 12) (10.3 , 12) 
 
        Table 5.1. 3-16 Observation result of 
model No.16 
 
Coordinates No 
Before the test After the test 
1 (15 , 23) (15 , 21.8) 
2 (21.5 , 20.5) (21.5 , 21.6) 
3 (8.5 , 20.5) (8.5 , 21.3) 
4 (15 , 20) (15 , 19) 
5 (19.3 , 18.3) (19 , 17.8) 
6 (10.7 , 18.3) (10.9 , 17.6) 
7 (24 , 14) (24 , 13.6) 
8 (21 , 14) (21 , 13.6) 
9 (9 , 14) (9.2 , 13.4) 
10 (16 , 14) (16 , 13.6) 
11 (19.3 , 9.7) (19.1 , 9.4) 
12 (10.7 , 9.7) (10.5 , 9.3) 
13 (15 , 8) (15.3 , 7.9) 
14 (21.5 , 7.5) (21.5 , 7.2) 
15 (8.5 , 7.5) (8.5 , 9.5) 
16 (15 , 5) (15 , 5) 
                                                        
 Table 5.1.3-17  Observation result of model No.17 
 
Coordinates No 
Before the test After the test 
1 (15 , 22) (15 , 21) 
2 (20.8 , 20.3) (20.8 , 19.5) 
3 (9.2 , 20.3) (9.2 , 19.8) 
4 (15 , 19.5) (15 , 17.2) 
5 (18.9 , 18.6) (18.5 , 17.8) 
6 (11.1 ,18.6) (11.1 , 17.5) 
7 (22.2 , 15) (22.4 , 14.2) 
8 (19.9 , 15) (19.9 , 14.2) 
9 (10.2 , 15) (10.4 , 14) 
10 (7.3 , 15) (7.4 , 14.1) 
11 (19.4 , 11.4) (19.2 , 10.5) 
12 (10.6 , 11.4) (11 , 10.5) 
13 (15 , 10.5) (15 , 10.3) 
14 (21.3 , 9.6) (21.3 , 9.3) 
15 (8.6 , 9.6) (8.2 , 9) 
16 (15 , 8) (15 , 7.6) 
 
Table 5.1.3-18 Observation result of model No.18 
 
Coordinates No 
Before the test After the test 
1 (18.6 , 19.5) (18.6 , 17.5) 
2 (11.4 , 19.5) (11.4 , 17.5) 
3 (22.5 , 18.5) (22.5 , 18) 
4 (15.2 , 18.5) (15.2 , 17.2) 
5 (14.8 , 18.5) (14.8 , 17.2) 
6 (7.3 , 18.3) (17.3 , 18.1) 
7 (23.5 , 15) (23.1 , 14.5) 
8 (6.5 , 15) (7 , 14.8) 
9 (21.1 , 11.3) (21.1 , 11) 
10 (15.6 , 11.3) (15.6 , 11) 
11 (14.4 , 11.3) (14.4 , 11.1) 
12 (6.8 , 11.3) (7.4 , 11.4) 
13 (18.6 , 10.5) (18.7 , 11) 
14 (11.4 , 10.5) (11.5 , 11) 
 
Table 5.1.3-19 Observation result of model No.19 
 
Coordinates No 
Before the test After the test 
1 (20 , 19.5) (20.1 , 18.7) 
2 (10 , 19.5) (10 , 19) 
3 (23.8 , 18.6) (23.8 , 17) 
4 (16.3 , 18.6) (16.3 , 16.8) 
5 (13 , 18.6) (13 , 17.8) 
6 (6.4 , 18.6) (6.4 , 17) 
7 (24.8 , 11.2) (24.7 , 14.7) 
8 (5.4 , 15) (5.6 , 14.8) 
9 (24.4 , 11.2) (24.4 , 11) 
10 (15.4 , 11.2) (15.4 , 11) 
11 (14.6 , 11.2) (14.6 , 11) 
12 (5.6 , 11) (5.6 , 11) 
13 (20 , 10.5) (20 , 10.5) 
14 (10 , 10.5) (10 , 10.2) 
 
Table 5.1.3-20  Observation result of model No.20 
 
 
Coordinates No 
Before the test After the test 
1 (20.5 , 19.5)    (20.5 , 18.3) 
2 (9.5 , 19.5) (9.5 , 18.4) 
3 (24.4 , 18.5) (24.4 , 18) 
4 (16.6 , 18.5) (16.5 , 18) 
5 (13.4 , 18.5) (13.4 , 17.7) 
6 (5.6 , 18.5) (5.8 , 18.1) 
7 (25.2 , 15) (25.2 , 15) 
8 (4.8 , 15) (4.8 , 14.9) 
9 (24.8 , 11.7) (24.5 , 11.2) 
10 (16 , 11.7) (16 , 11.3) 
11 (13.8 , 11.7) (13.8 , 11.5) 
12 (5.2 , 11.7) (5.2 , 11.5) 
13 (20.5 , 10.5) (20.5 , 10.2) 
14 (9.5 , 10.5) (9.5 , 10.3) 
 
 
                       
Table 5.1.3-21 Observation result of model No.21 
 
Coordinates No 
Before the test After the test 
1 (21.3 , 19.5) (21.3 , 18.2) 
2 (8.8, 19.5) (8.8 , 18.8) 
3 (24.4 , 18) (24.4 , 17.5) 
4 (18.2 , 18) (18.5 , 17) 
5 (11.9 , 18) (11.9 , 17.2) 
6 (5.6 , 18) (5.9 , 17.5) 
7 (26 , 15) (26 , 15) 
8 (4 , 15) (4 , 15) 
9 (24.8 , 12) (24.4 , 11.6) 
10 (17.8 , 12) (17.8 , 11.7) 
11 (12.4 , 12) (12.4 , 11.8) 
12 (5.2 , 12) (5.2 , 11.7) 
13 (21.3 , 10.5) (21.3 , 10.2) 
14 (8.6 , 10.5) (8.6 , 10.3) 
 
Table 5.1.3-22  Observation result of model No.22 
 
Coordinates No 
Before the test After the test 
1 (15 , 20.5) (15 , 19.5) 
2 (18.5 , 19.7) (18.5 , 18.7) 
3 (11.6 , 19.7) (11.6 , 19) 
4 (15 , 18.8) (15 , 18) 
5 (17.5 , 18.5) (17 , 18.1) 
6 (17.5 , 18.5) (12.7 , 18) 
7 (20.2 , 15) (20.2 , 14.3) 
8 (18.4 , 15) (18.4 , 14.7) 
9 (11.7 , 15) (11.8 , 14.4) 
10 (9.8 , 15) (9.9 , 14.6) 
11 (17.7 , 11.5) (17.5 , 11.3) 
12 (17.2 , 11.5) (12.4 , 11.3) 
13 (15 , 11.2) (15 , 11.3) 
14 (18.8 , 10.1) (18.9 , 10.4) 
15 (11.1 , 10.1) (11.1 , 10.3) 
16 (15 , 9.5) (15 , 9) 
 
Table 5.1.3-23 Observation result of model No.23 
 
Coordinates No 
Before the test After the test 
1 (17.6 , 18.8) (17.6 , 17.8) 
2 (12.4 , 18.8) (12.2 , 17.5) 
3 (20 , 8.3) (19.8 , 17.7) 
4 (15.4 ,18.3) (15.4 , 17) 
5 (14.6 , 18.3) (14.6 , 17) 
6 (10.2 , 18.3) (10.2 , 17.3) 
7 (20.8 , 15) (20.6 , 14.5) 
8 (9.3 , 15) (9.5 , 14.2) 
9 (20.3 , 11.7) (20.3 , 11.2) 
10 (15.2 , 11.7) (15.2 , 11.2) 
11 (14.7 , 11.7) (14.7 , 11.2) 
12 (9.5 , 11.2) (9.5 , 10.8) 
13 (17.6 , 11.2) (17.6 , 10.8) 
14 (12. , 11.2) (12.4 , 10.7) 
 
 
Table 5.1.3-24  Observation result of model No.24 
 
Coordinates No 
Before the test After the test 
1 (19 , 18.8) (19 , 17.5) 
2 (11.5 , 18.8) (11.8 , 17.5) 
3 (20.8 , 18.3) (21 , 17.8) 
4 (16.3 , 18.3) (16.3 , 16.8) 
5 (13.3 , 18.3) (13.7 , 16.7) 
6 (9.2 , 18.3) (9.2 , 17.3) 
7 (21.8 , 15) (21.6 , 14.5) 
8 (8.3 , 15) (8.5 , 14.5) 
9 (21.3 , 11.6) (21.3 , 11.3) 
10 (15.6 , 11.6) (15.6 , 11.3) 
11 (14.3 , 11.6) (14.6 , 11.3) 
12 (8.8 , 11.6) (9.2 , 11.3) 
13 (19 , 11.3) (19 , 10.8) 
14 (11.5 , 11.3) (11.5 , 10.8) 
 
 
 
 
Table 5.1.3-25  Observation result of model No.25 
 
Coordinates No 
Before the test After the test 
1 (18.9 , 19) (18.9 , 17.5) 
2 (11.1 , 19) (11.2 , 17.4) 
3 (21.6 , 18.6) (21.4 , 18) 
4 (16.4 , 18.6) (16.4 , 17) 
5 (13.6 , 18.6) (13.8 , 17) 
6 (8.4 , 18.6) (8.4 , 17.5) 
7 (22.4 , 15) (22.2 , 14.6) 
8 (7.6 , 15) (7.8 , 14.4) 
9 (21.8 , 11.4) (21.8 , 11) 
10 (15.8 , 11.4) (15.8 , 11.1) 
11 (14.1 , 11.4) (14.3 , 11.1) 
12 (8.2 , 11.4) (8.6 , 11) 
13 (8.9 , 11) (8.9 , 11) 
14 (14.1 , 11) (14.1 , 11) 
 
 
 
Table 5.1.3-26 Observation result of model No.26 
 
Coordinates No 
Before the test After the test 
1 (19.3 , 18.8) (19.3 , 18) 
2 (10.6 , 18.6) (10.8 , 18.2) 
3 (21.8 , 18.4) (21.6 , 17.8) 
4 (17.1 , 18.4) (17.2 , 17.5) 
5 (13 , 18.4) (12.8 , 17.5) 
6 (8.2 , 18.4) (8 , 17.5) 
7 (22.5 , 15) (22.5 , 14.5) 
8 (7.5 , 15) (7.5 , 14) 
9 (22.1 , 11.7) (22.1 , 11.2) 
10 (16.5 , 11.7) (16.5 , 11.3) 
11 (13.3 , 11.7) (13.4 , 11.4) 
12 (7.7 , 11.7) (7.8 , 11.5) 
13 (19.3 , 11.3) (19.3 , 11.1) 
14 (10.6 , 11.3) (10.6 , 11.1) 
 
                                                               
Table 5.1.3-27 Observation result of model No.27 
 
Coordinates No 
Before the test After the test 
1 (15 , 19.3) (14.8 , 18.3) 
2 (18.8 , 18.3) (18.6 , 17.5) 
3 (11.2, 18.3) (11.4 , 17.4) 
4 (15, 17.8) (14.8 , 17) 
5 (17.5 , 17.2) (17.3 , 17) 
6 (12.5 , 17.2) (12.8 , 16.8) 
7 (19.5 , 15) (19.5 , 15) 
8 (18 , 15) (18 , 15) 
9 (12 , 15) (12.4 , 14.8) 
10 (10.5 , 15) (10.5 , 14.8) 
11 (17.8 , 12.6) (17.8 , 12.6) 
12 (12.1 , 12.6) (12.1 , 12.6) 
13 (15 , 12.8) (15 , 12.3) 
14 (19.2 , 11.9) (19.2 , 11.9) 
15 (15 , 10.8) (15 , 10.8) 
16 (10.9 , 11.9) (10.9 , 11.9) 
 
 
  Table 5.1.3-28  Observation result of model No.28  
 
Coordinates No 
Before the test After the test 
1 (17.3 , 17.8) (17.3 , 17) 
2 (13.3 , 17.8) (13 , 17.1) 
3 (19.8 , 17.3) (19.7 , 16.8) 
4 (15.3 , 17.3) (15.2 , 16.7) 
5 (14.9 , 17.3) (14.7 , 16.8) 
6 (10.3 , 17.3) (10. 5 , 16.9) 
7 (20.3 , 15) (20.3 , 14.8) 
8 (9.8 , 15) (9.8 , 14.9) 
9 (20 , 12.8) (20 , 12.4) 
10 (15.5 , 12.8) (15.5 , 12.3) 
11 (14.5 , 12.8) (14.6 , 12.4) 
12 (10 , 12.8) (10.3 , 12.4) 
13 (17.3 , 12.3) (17.3 , 12.1 ) 
14 (13.3 , 12.3) (13.3 , 12) 
  Table 5.1.3-29  Observation result of model No.29 
 
Coordinates No 
Before the test After the test 
1 (18 , 17.8) (18 , 17.1) 
2 (12 , 17.8) (12 , 17.2) 
3 (20.4 , 17.3) (20.2 , 16.8) 
4 (15.6 , 17.3) (15.3 , 16.7) 
5 (14.5 , 17.3) (14.2 , 16.6) 
6 (9.6 , 17.3) (9.6 , 16.6) 
7 (20.9 , 15) (20.9 , 14.8) 
8 (9.1 , 15) (9.1 , 14.9) 
9 (20.6 , 12.8) (20.6 , 12.5) 
10 (15.3 , 12.8) (15.3 , 12.5) 
11 (14.7 , 12.8) (14.7 , 12.6) 
12 (9.3 , 12.8) (9.3 , 12.4) 
13 (18 , 12.3) (18 , 12.2) 
14 (12 , 12.3) (12 , 12.1) 
 
                     
  Table 5.1.3-30  Observation result of model No.30 
 
Coordinates No 
Before the test After the test 
1 (18.3 , 18.3) (18.3 , 17.4) 
2 (11.7 , 18.3) (11.7 , 17.5) 
3 (20.6 , 17.8) (20.6 , 17.2) 
4 (16 , 17.8) (15.8 , 17.3) 
5 (14 , 17.8) (13.8 , 17.4) 
6 (9.2 , 17.8) (9.2 , 17.2) 
7 (21.1 , 15) (21.1 , 14.8) 
8 (8.9 , 15) (8.9 , 1.7) 
9 (20.9 , 12.8) (20.9 , 12.4) 
10 (15.6 , 12.8) (15.6 , 12.5) 
11 (14.2 , 12.8) (14.2 , 12.5) 
12 (9 , 12.8) (9 , 12.6) 
13 (18.3 , 12.3) (18.3 , 12.2) 
14 (11.7 , 12.3) (11.7 , 12.3) 
                                                                         
 
 
 
 Table 5.1.3-31 Observation result of model No.31 
                            
Coordinates No 
Before the test After the test 
1 (18.8, 17.8) (18.8 , 17.2) 
2 (11.3 , 17.8) (11.3 , 17.3) 
3 (21 , 17.3) (20.8 , 16.9) 
4 (16.4 , 17.3) (16.1 , 16.8) 
5 (14.3 , 17.3) (14.3 , 16.8) 
6 (8.9 , 17.3) (8.9 , 16.7) 
7 (21.8 , 15) (21.8, 14.9) 
8 (8.25 , 15) (8.3, 14.9) 
9 (21.4 , 12.8) (21.4 , 12.4) 
10 (16.2 , 12.3) (16.2 , 12.3) 
11 (14.8 , 12.8) (14.9 , 12.2) 
12 (8.5 , 12.8) (8.1 , 12.2) 
13 (18.8 , 12.3) (18.8 , 12) 
14 (11.3 , 12.3) (11.3 , 12) 
 
Table 5.1.3-32 Observation result of model No.32 
 
Coordinates No 
Before the test After the test 
1 (15 , 24) (15 , 22.5) 
2 (23 , 22) (23 , 18.3) 
3 (7 , 21.5) (7 , 21.8) 
4 (15 , 20.5) (15 , 19.2) 
5 (20 , 19.5) (19.7 , 17.6) 
6 (10 , 19.5) (10 , 17.8) 
7 (27.7 , 14.5) (27.7 , 13.3) 
8 (22 , 14.5) (22 , 13.2) 
9 (8 , 14.5) (7.8 , 13.4) 
10 (4.3 , 14.5) (4.2 , 13.6) 
11 (22.5 , 9.5) (22.3 , 8.7) 
12 (7.5 , 9.5) (7.3 , 9.4) 
13 (15 , 8.5) (15 , 8.4) 
14 (25 , 7) (25.1 , 6.9) 
15 (5 , 7) (5 , 6.8) 
16 (15 , 5) (15 , 5) 
 
  Table 5.1.3-33 Observation result of model No.33 
 
Coordinates No 
Before the test After the test 
1 (15 , 22)       (15 , 21) 
2 (20.8 , 20.3) (20.8 , 19.2) 
3 (9.5 , 20.3) (9.5 , 19.3) 
4 (15 , 19.5) (15 , 18.6) 
5 (18.8 , 18.3) (18.8 , 17.5) 
6 (11.5 , 18.3) (11.7 , 17.6) 
7 (22.5 , 14.5) (22.5 , 14) 
8 (20 , 14.5) (20 , 14.1) 
9 (10 , 14.5) (10 , 13.9) 
10 (7.5 , 14.5) (7.5 , 13.8) 
11 (18.8 , 11) (18.6 , 10.7) 
12 (11.5 , 11) (11.3 , 10.6) 
13 (15 , 9.5) (15.4 , 9.5) 
14 (20.8 , 9.3) (20.8 , 9) 
15 (9.8 , 9.3) (9.8 , 9.1) 
16 (15 , 7) (14.8 , 7) 
            
 Table 5.1.3-34 Observation result of model No.34 
 
Coordinates No 
Before the test After the test 
1 (15 , 20) (15 , 19.2) 
2 (18.1 , 18.6) (18.1 , 18) 
3 (18.1 , 18.5) (18.1 , 11.7) 
4 (15 , 18.5) (15.2 , 18.5) 
5 (17.1 , 17.6) (17.1 , 16.8) 
6 (12.8 , 17.6) (12.8 , 16.9) 
7 (19.5 , 15.5) (19.5 , 15) 
8 (18 , 15.5) (18 , 14.9) 
9 (12 , 15.5) (12 , 15) 
10 (10.5 , 15.5) (10.5 , 15) 
11 (17.1 , 13.3) (17.1 , 13) 
12 (12.8 , 13.5) (12.8 , 13.1) 
13 (12 , 13.5) (12 , 13.3) 
14 (18.1 , 12.3) (18.1 , 12.1) 
15 (11.8 , 12.3) (11.8 , 12.1) 
16 (15 , 11) (15 , 10.9) 
 
   Table 5.1.3-35  Observation result of model No.35  
 
Coordinates No 
Before the test After the test 
1 (15 , 20.1) (14.8 , 19.3) 
2 (18.8 , 19.1) (18.6 , 18.3) 
3 (11.2 , 19.1) (11.3 , 18.4) 
4 (15 , 18.6) (14.9 , 18) 
5 (17.5 , 18.1) (17.3 , 17.8) 
6 (12.5 , 18.1) (12.6 , 17.7) 
7 (19.5 , 15.8) (19.5 , 15.6) 
8 (18 , 15.8) (18 , 15.6) 
9 (12 , 15.8) (12.3 , 15.3) 
10 (10.5 , 15.8) (10.5 , 15.5) 
11 (17.8 , 13.4) (17.8 , 13.3) 
12 (12.1 , 13.4) (12.1 , 13.2) 
13 (15 , 13.6) (15 , 13.4) 
14 (19.2 , 12.7) (19.2 ,  12.7) 
15 (15 , 11.6) (15 , 11.6) 
16 (10.9 , 12.8) (10.9 , 12.8) 
 
 
 Table 5.1.3-36  Observation result of model No.36 
 
Coordinates No 
Before the test After the test 
1 (15 , 21) (15 , 22.6) 
2 (20.8 , 19.3) (20.8 , 18.4) 
3 (9.5 , 19.3) (9.5 , 18.5) 
4 (15 , 18.5) (15 , 17.5) 
5 (18.8 , 17.3) (18.5 , 16.5) 
6 (11.5 , 17.3) (11.8 , 16.4) 
7 (22.5 , 15.5) (22.5 , 12.9) 
8 (20 , 13.5) (20 , 12.8) 
9 (10 , 13.5) (10.3 , 12.8) 
10 (7.5 , 13.5) (7.5 , 12.8) 
11 (18.8 , 10) (18.6 , 9.6) 
12 (11.5 , 10) (11.3 , 9.9) 
13 (15 , 8.5) (15.5 , 8.3) 
14 (20.8 , 8.3) (20.8 , 8.1) 
15 (9.8 , 8.3) (9.8 , 8.2) 
16 (15 , 6) (15 , 6) 
   Table 5.1.3-37  Observation result of model No.37 
 
Coordinates No 
Before the test After the test 
1 (15 , 20) (15 , 18.5) 
2 (20.8 , 18.3) (20.8 , 17.1) 
3 (9.5 , 18.3) (9.5 , 17.5) 
4 (15 , 18.5) (15 , 17.5) 
5 (18.8 , 16.3) (18.4 , 15.5) 
6 (11.5 , 16.3) (11.7 , 15.2) 
7 (22.5 , 12.5) (22.5 , 12) 
8 (20 , 12.5) (20 , 11.8) 
9 (10 , 12.5) (10.2 , 11.8) 
10 (7.5 , 12.5) (7.5 , 11.8) 
11 (18.8 , 9) (18.5 , 8.6) 
12 (11.5 , 9) (11.3 , 8.9) 
13 (15 , 7.5) (15.3 , 7.4) 
14 (20.8 , 7.3) (20.8 , 7.1) 
15 (9.8 , 3.7) (9.8 , 7.1) 
16 (15 , 5) (15 , 5) 
 
 
 Table 5.1.3-38  Observation result of model No.38 
 
Coordinates No 
Before the test After the test 
1 (15 , 22.5) (15 , 28.8) 
2 (20.8 , 20.8) (20.8 , 19.5) 
3 (9.2 , 20.8) (9.2 , 19.9) 
4 (15 , 20) (15 , 19) 
5 (18.9 , 19.1) (18.6 , 18.2) 
6 (11.1 , 19.1) (11.1 , 18.4) 
7 (22.5 , 15.5) (22.3 , 14.7) 
8 (19.4 , 15.5) (19.9 , 14.7) 
9 (10.2 , 15.5) (10.3 , 14.6) 
10 (7.3 , 15.5) (7.5 , 14.8) 
11 (19.4 , 11.9) (19.3 , 11) 
12 (10.6 , 11.5) (10.8 , 11.4) 
13 (15 , 11) (15 , 10.5) 
14 (21.3 , 10.1) (21.4. , 9.8) 
15 (8.6 , 10.1) (8.6 , 10.2) 
16 (15 , 8.5) (15 , 8.3) 
Table 5.1.3-39  Observation result of model No.39 
 
Coordinates No 
Before the test After the test 
1 (15 , 23) (15 , 21.6) 
2 (20.8 , 21.3) (20.8 , 20.3) 
3 (9.2 , 21.3) (9.2 , 20.1) 
4 (15 , 20.3) (15 , 19.1) 
5 (18.9 , 19.6) (18.7 , 18.2) 
6 (11.1 , 19.6) (11 , 18.9) 
7 (22.2 , 16) (22.2 , 15.3) 
8 (19.9, 16) (19.9 , 15.2) 
9 (10.2 , 16) (10.4 , 15.1) 
10 (7.3 , 16) (7.4 , 15.2) 
11 (19.4 , 12.4) (19.2 , 11.5) 
12 (10.6 , 12.4) (10.7 , 11.8) 
13 (15 , 11.5) (15 , 10.9) 
14 (21.3 , 10.6) (20.3 , 10.2) 
15 (8.6 , 10.6) (8.6 , 10.3) 
16 (15 , 9) (15 , 8.8) 
 
Table 5.1.3-40  Observation result of model No.40 
 
Coordinates No 
Before the test After the test 
1 (15 , 24) (15 , 22.5) 
2 (20.8 , 22.3) (20.8 , 21.2) 
3 (9.2 , 22.3) (9.2 , 21) 
4 (15 , 21.3) (15 , 20.2) 
5 (18.9 , 20.6) (18.9 , 19.4) 
6 (11.1 , 20.6) (11 , 16.2) 
7 (22.2 , 17) (22.2 , 16.2) 
8 (19.9, 17) (19.9 , 16.3) 
9 (10.2 , 17) (10.5 , 16.1) 
10 (7.3 , 17) (7.5 , 16.6) 
11 (19.4 , 13.4) (19.1 , 12.6) 
12 (10.6 , 13.4) (10.8 , 12.7) 
13 (15 , 12.5) (15 , 11.9) 
14 (21.3 , 11.6) (21.3 , 11.3) 
15 (8.6 , 11.6) (8.6 , 11.2) 
16 (15 , 10) (15 , 9.8) 
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Fig 5.1.3-7 collapse of model 7 Fig 5.1.3-8 collapse of model 8
Fig 5.1.3-9 collapse of model 9 Fig 5.1.3-10 collapse of model 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.1.3-14 collapse of model 14 Fig 5.1.3-15 collapse of model 15 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Fig 5.1.3  - 1 Collapse of model 1          
                          Fig 5.1.3  - 33 Collapse of model 33            
  Fig 5.1.3  - 36 Collapse of mode1 36              Fig 5.1.3  - 37 Collapse of model 37         
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 PROBLEM NO.1 Stress Distribution Around An Underground                                                
                  Opening(Trapezoidal)                          
             Under Plane Strain Condition                      
 
 
NPOIN =62   NELEM =14    NVFIX = 23  NCASE = 1                 
NTYPE = 2   NNODE = 8    NDOFN = 2   NMATS = 1     
NPROP = 5   NGAUS = 3    NDIME = 2   NSTRE = 3     
NEVAB =16 
 
 
ELEMENT   PROPERTY      NODE NUMBERS 
     1     1     1    2    3   13   20   19   18   
12 
     2     1     3    4    5   14   22   21   20   
13 
     3     1     5    6    7   15   24   23   22   
14 
     4     1     7    8    9   16   26   25   24   
15 
     5     1     9   10   11   17   28   27   26   
16 
     6     1    18   19   20   30   37   36   35   
29 
     7     1    20   21   22   31   39   38   37   
30 
     8     1    24   25   26   33   43   42   41   
32 
     9     1    26   27   28   34   45   44   43   
33 
    10     1    35   36   37   47   54   53   52   
46 
    11     1    37   38   39   48   56   55   54   
47 
    12     1    39   40   41   49   58   57   56   
48 
    13     1    41   42   43   50   60   59   58   
49 
    14     1    43   44   45   51   62   61   60   
50 
 
 
  NODAL POINT COORDINATES 
  NODE       X         Y 
     1      .000      .000 
     2     3.000      .000 
     3     6.000      .000 
     4     9.250      .000 
     5    12.500      .000 
     6    15.000      .000 
     7    17.500      .000 
     8    20.750      .000 
     9    24.000      .000 
    10    27.000      .000 
    11    30.000      .000 
    12      .000     6.500 
    13     6.000     6.500 
    14    12.500     6.500 
    15    17.500     6.500 
    16    24.000     6.500 
    17    30.000     6.500 
    18      .000    13.000 
    19     3.000    13.000 
    20     6.000    13.000 
    21     9.250    13.000 
    22    12.500    13.000 
    23    15.000    13.000 
    24    17.500    13.000 
    25    20.750    13.000 
    26    24.000    13.000 
    27    27.000    13.000 
    28    30.000    13.000 
    29      .000    15.000 
    30     6.000    15.000 
    31    12.750    15.000 
    32    17.250    15.000 
    33    24.000    15.000 
    34    30.000    15.000 
    35      .000    17.000 
    36     3.000    17.000 
    37     6.000    17.000 
    38     9.500    17.000 
    39    13.000    17.000 
    40    15.000    17.000 
    41    17.000    17.000 
    42    20.500    17.000 
    43    24.000    17.000 
    44    27.000    17.000 
    45    30.000    17.000 
    46      .000    23.500 
    47     6.000    23.500 
    48    13.000    23.500 
    49    17.000    23.500 
    50    24.000    23.500 
    51    30.000    23.500 
    52      .000    30.000 
    53     3.000    30.000 
    54     6.000    30.000 
    55     9.500    30.000 
    56    13.000    30.000 
    57    15.000    30.000 
    58    17.000    30.000 
    59    20.500    30.000 
    60    24.000    30.000 
    61    27.000    30.000 
    62    30.000    30.000 
 
 
 RESTRAINED NODES 
 NODE CODE      FIXED VALUES 
    1   11   .000000   .000000 
    2   11   .000000   .000000 
    3   11   .000000   .000000 
    4   11   .000000   .000000 
    5   11   .000000   .000000 
    6   11   .000000   .000000 
    7   11   .000000   .000000 
    8   11   .000000   .000000 
    9   11   .000000   .000000 
   10   11   .000000   .000000 
   11   11   .000000   .000000 
   12   10   .000000   .000000 
   17   10   .000000   .000000 
   18   10   .000000   .000000 
   28   10   .000000   .000000 
   29   10   .000000   .000000 
   34   10   .000000   .000000 
   35   10   .000000   .000000 
   45   10   .000000   .000000 
   46   10   .000000   .000000 
   51   10   .000000   .000000 
   52   10   .000000   .000000 
   62   10   .000000   .000000 
 
 
  MATERIAL PROPERTIES 
NUMBER       PROPERTIES 
  1   .37515 E+05 .150000E+00  .000000E+00                     
.123000E-01      .000000E+00 
MAX FRONTWIDTH ENCOUNTERED =   30 
     Internal  Pressure                                        
LOAD CASE =  1 
    0    0    1    0 
    NO. OF LOADED EDGES =    5 
     LIST OF LOADED EDGES AND APPLIED LOADS 
        10        54   53   52 
   500.000   500.000   500.000  .000   .000      
.000 
        11        56   55   54 
   500.000   500.000   500.000  .000   .000      
.000 
        12        58   57   56 
   500.000   500.000   500.000  .000   .000      
.000 
        13        60   59   58 
   500.000   500.000   500.000  .000   .000      
.000 
        14        62   61   60 
   500.000   500.000   500.000   .000  .000      
.000 
      TOTAL NODAL FORCES FOR EACH ELEMENT 
1 .0000E+00   .0000E+00  .0000E+00   .0000E+00           
.0000E+00     .0000E+00  .0000E+00   .0000E+00 
.0000E+00     .0000E+00  .0000E+00   .0000E+00        
.0000E+00     .0000E+00  .0000E+00   .0000E+00 
2 .0000E+00   .0000E+00  .0000E+00   .0000E+00   
.0000E+00     .0000E+00  .0000E+00   .0000E+00 
.0000E+00     .0000E+00  .0000E+00   .0000E+00   
.0000E+00     .0000E+00  .0000E+00   .0000E+00 
3 .0000E+00   .0000E+00  .0000E+00   .0000E+00   
.0000E+00     .0000E+00  .0000E+00   .0000E+00 
.0000E+00     .0000E+00  .0000E+00   .0000E+00   
.0000E+00     .0000E+00  .0000E+00   .0000E+00 
4 .0000E+00   .0000E+00  .0000E+00   .0000E+00   
.0000E+00     .0000E+00  .0000E+00   .0000E+00 
.0000E+00     .0000E+00  .0000E+00   .0000E+00   
.0000E+00     .0000E+00  .0000E+00   .0000E+00 
5 .0000E+00   .0000E+00  .0000E+00   .0000E+00   
.0000E+00     .0000E+00  .0000E+00   .0000E+00 
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
6 .0000E+00 .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
7 .0000E+00 .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
8 .0000E+00 .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
9 .0000E+00 .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
10.0000E+00 .0000E+00   .0000E+00   .0000E+00       
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
-.1589E-03 -.5000E+03  -.2119E-03  -.2000E+04   
-.1589E-03 -.5000E+03   .0000E+00   .0000E+00 
11.0000E+00 .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
-.1589E-03 -.5833E+03  -.2119E-03  -.2333E+04   
-.1589E-03 -.5833E+03   .0000E+00   .0000E+00 
12.0000E+00 .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
-.1589E-03 -.3333E+03  -.2119E-03  -.1333E+04   
-.1589E-03 -.3333E+03   .0000E+00   .0000E+00 
13.0000E+00 .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
-.1589E-03 -.5833E+03  -.2119E-03  -.2333E+04   
-.1589E-03 -.5833E+03   .0000E+00   .0000E+00 
14.0000E+00 .0000E+00   .0000E+00   .0000E+00      
.0000E+00   .0000E+00   .0000E+00   .0000E+00  
-.1589E-03 -.5000E+03  -.2119E-03  -.2000E+04  
-.1589E-03 -.5000E+03   .0000E+00   .0000E+00 
   
 
 DISPLACEMENTS 
       NODE     X-DISP.       Y-DISP. 
         1   .000000E+00   .000000E+00 
         2   .000000E+00   .000000E+00 
         3   .000000E+00   .000000E+00 
         4   .000000E+00   .000000E+00 
         5   .000000E+00   .000000E+00 
         6   .000000E+00   .000000E+00 
         7   .000000E+00   .000000E+00 
         8   .000000E+00   .000000E+00 
         9   .000000E+00   .000000E+00 
        10   .000000E+00   .000000E+00 
        11   .000000E+00   .000000E+00 
        12   .000000E+00  -.104324E+00 
        13   .154392E-02  -.101886E+00 
        14   .348613E-02  -.938643E-01 
        15  -.348622E-02  -.938644E-01 
        16  -.154393E-02  -.101887E+00 
        17   .000000E+00  -.104324E+00 
        18   .000000E+00  -.207642E+00 
        19  -.149627E-02  -.208378E+00 
        20  -.288251E-02  -.208397E+00 
        21  -.446350E-02  -.204626E+00 
        22  -.411714E-02  -.183228E+00 
        23  -.397580E-07  -.159264E+00 
        24   .411705E-02  -.183228E+00 
        25   .446341E-02  -.204626E+00 
        26   .288247E-02  -.208397E+00 
        27   .149626E-02  -.208378E+00 
        28   .000000E+00  -.207642E+00 
        29   .000000E+00  -.239781E+00 
        30  -.421061E-02  -.239804E+00 
        31  -.450888E-02  -.246519E+00 
        32   .450867E-02  -.246519E+00 
        33   .421052E-02  -.239804E+00 
        34   .000000E+00  -.239782E+00 
        35   .000000E+00  -.271272E+00 
        36  -.143044E-02  -.271169E+00 
        37  -.215462E-02  -.272544E+00 
        38  -.368940E-02  -.277058E+00 
        39  -.231702E-02  -.306640E+00 
        40  -.149654E-06  -.325024E+00 
        41   .231673E-02  -.306641E+00 
        42   .368918E-02  -.277058E+00 
        43   .215447E-02  -.272544E+00 
        44   .143038E-02  -.271170E+00 
        45   .000000E+00  -.271273E+00 
        46   .000000E+00  -.372492E+00 
        47   .759750E-03  -.378022E+00 
        48   .348579E-02  -.393149E+00 
        49  -.348592E-02  -.393149E+00 
        50  -.759844E-03  -.378022E+00 
        51   .000000E+00  -.372493E+00 
        52   .000000E+00  -.474495E+00 
        53   .292486E-02  -.474172E+00 
        54   .502304E-02  -.476109E+00 
        55   .486608E-02  -.487352E+00 
        56   .588585E-03  -.487966E+00 
        57  -.568497E-08  -.481444E+00 
        58  -.588607E-03  -.487966E+00 
        59  -.486612E-02  -.487352E+00 
        60  -.502311E-02  -.476109E+00 
        61  -.292492E-02  -.474172E+00 
        62   .000000E+00  -.474495E+00 
    REACTIONS 
      NODE     X-FORCE       Y-FORCE 
         1   .174764E+03   .502694E+03 
         2  -.165565E+02   .208165E+04 
         3   .494036E+02   .116562E+04 
         4  -.159388E+03   .198827E+04 
         5   .358316E+02   .679027E+03 
         6   .132063E-02   .216547E+04 
         7  -.358316E+02   .679029E+03 
         8   .159387E+03   .198827E+04 
         9  -.494028E+02   .116562E+04 
        10   .165566E+02   .208165E+04 
        11  -.174764E+03   .502694E+03 
        12   .779261E+03   .000000E+00 
        17  -.779261E+03   .000000E+00 
        18   .308949E+03   .000000E+00 
        28  -.308949E+03   .000000E+00 
        29   .264891E+03   .000000E+00 
        34  -.264890E+03   .000000E+00 
        35   .332375E+03   .000000E+00 
        45  -.332373E+03   .000000E+00 
        46   .735416E+03   .000000E+00 
        51  -.735409E+03   .000000E+00 
        52   .124628E+03   .000000E+00 
        62  -.124626E+03   .000000E+00 
 
STRESSES 
0G.P. X-COORD. Y-COORD. X-STRESS Y-STRESS   XY-
STRESS Z-STRESS    MAX P.S.   MIN P.S.    ANGLE 
 
ELEMENT NO.=1 
1  .6762 1.4651-.87984E+02 -.52403E+03  .27788E+01 
-.91803E+02-.87966E+02-.52405E+03 .3651 
2 .6762 6.5000 -.84407E+02  -.52200E+03 .38707E+0 
-.90960E+02  -.84373E+02  -.52203E+03.5068 
 3 .6762 11.5349-.1003.52341E+03.26262E+.93567E+02  
-.10036E+03  -.52342E+03  -.3557 
  4  3.0000  1.4651 -.86603E+02.51679E+03.55820E+01            
-.90508E+02 -.86531E+02-.51686E+03 .7433 
  5  3.0000   6.5000 -.84167E+02 -
.52319E+0.39250E+01                       -
.91104E+02 -.84132E+02 -.52323E+03 .5122 
  6  3.0000  11.5349 -.10127E+03 -
.53304E+0.53207E+01 -.95148E+02 -.10121E+03 -
.53311E+03 -.7059 
 7  5.3238  1.4651 -.85032E+02 -
.50846E+03.84536E+01 -.89023E+02 -.84863E+02 -
.50862E+03  1.1433 
 8  5.3238   6.5000 -.83737E+02 -
.52330E+03.40479E+01 -.91056E+02 -.83699E+02 -
.52334E+03  .5276 
 9 5.3238   11.5349-.10198E+03-.54160E+03-
.79467E+01                                 -
.96538E+02 -.10184E+03 -.54174E+0 -1.0353 
 
 
 
 
 
 
 
ELEMENT NO.=    2 
1  6.7326    1.4651 -.87669E+02 -
.51195E+03.26998E+01 -.89943E+02 -.87652E+02 -
.51197E+03     .3646 
2  6.7326    6.5000 -.90642E+02 -
.52606E+03.15210E+02 -.92505E+02 -.90111E+02 -
.52659E+03   -1.9982 
3  6.7326   11.5349 -.10908E+03 -
.54290E+03.21768E+02 -.97798E+02 -.10799E+03 -
.54399E+03   -2.8653 
4  9.2500    1.4651 -.86426E+02 -
.51420E+0.11171E+02 -.90095E+02 -.86134E+02 -
.51450E+03    1.4948 
5  9.2500    6.5000 -.81142E+02 -
.51350E+03.12007E+02 -.89197E+02 -.80809E+02 -
.51384E+03    1.5895 
6  9.2500   11.5349 -.91326E+02 -
.51553E+03.24195E+02 -.91029E+02 -.89951E+02 -
.51691E+03    3.2539 
7 11.7674    1.4651 -.80483E+02 -
.48983E+03.20840E+02 -.85547E+02 -.79424E+02 -
.49089E+03    2.9070 
8 11.7674    6.5000 -.66943E+02 -
.47432E+03.40423E+02 -.81189E+02 -.62971E+02 -
.47829E+03    5.6124 
9 11.7674   11.5349 -.68871E+02 -
.46154E+03.71358E+02 -.79561E+02 -.56306E+02 -
.47410E+03    9.9869 
 
ELEMENT NO.=    3 
1  13.0635   1.4651 -.10322E+03 -
.45883E+03.33048E+02 -.84306E+02 -.10017E+03 -
.46187E+03    5.2647 
2 13.0635    6.5000 -.12280E+03 -
.44527E+03.96771E+02 -.85211E+02 -.95990E+02 -
.47208E+03   15.4858 
3 13.0635   11.5349 -.55266E+02 -
.41634E+03.16049E+03 -.70742E+02  .57576E+01 -
.47737E+03   20.8181 
4  15.0000 1.4651 -.96829E+02 -.42262E+03 -.13264E-
03 -.77918E+02 -.96829E+02 -.42262E+03     .0000 
5  15.00006.5000 -.11641E+03 -.40907E+03 -.22664E-
03 -.78822E+02 -.11641E+03 -.40907E+03     .0000 
6 15.0000  11.5349 -.48877E+02 -.38014E+03-.47594E-
03 -.64353E+02 -.48877E+02 -.38014E+03    -.0001 
7  16.9365  1.4651 -.10322E+03 -.45883E+03 
.33048E+02 -.84307E+02 -.10017E+03 -.46187E+03   -
5.2647 
8  16.9365  6.5000 -.12280E+03 -.44527E+03 
.96771E+02 -.85211E+02 -.95990E+02 -.47208E+03  -
15.4858 
9  16.9365 11.5349 -.55267E+02 -.41634E+03 
.16049E+03 -.70742E+02  .57578E+01 -.47737E+03  -
20.8181 
 
ELEMENT NO.=    4 
1  18.2326  1.4651 -.80483E+02 -.48983E+03 
.20841E+02 -.85547E+02 -.79424E+02 -.49089E+03   -
2.9070 
2  18.2326   6.5000 -.66943E+02 -
.47432E+03.40423E+02 -.81189E+02 -.62971E+02 -
.47829E+03   -5.6124 
3 18.2326  11.5349 -.68871E+02 -.46154E+03 
.71358E+02 -.79561E+02 -.56306E+02 -.47410E+03   -
9.9870 
4  20.7500 1.4651 -.86426E+02 -.51421E+03 -
.11171E+02 -.90095E+02 -.86134E+02 -.51450E+03   -
1.4948 
5  20.7500  6.5000 -.81142E+02 -.51351E+03 
.12007E+02 -.89197E+02 -.80809E+02 -.51384E+03   -
1.5895 
6  20.7500  11.5349 -.91326E+02 -
.51554E+03.24196E+02 -.91029E+02 -.89951E+02 -
.51691E+03   -3.2539 
7  23.2674  1.4651 -.87669E+02 -.51195E+03 
.26998E+01 -.89943E+02 -.87652E+02 -.51197E+03    -
.3646 
8  23.2674   6.5000 -.90642E+02 -
.52606E+0.15210E+02 -.92506E+02 -.90111E+02 -
.52659E+03    1.9982 
9  23.2674  11.5349 -.10908E+03 -
.54290E+03.21768E+02 -.97798E+02 -.10799E+03 -
.54399E+03    2.8654 
 
ELEMENT NO.=    5 
1  24.6762  1.4651 -.85032E+02 -.50846E+03 
.84536E+01 -.89023E+02 -.84863E+02 -.50862E+03   -
1.1433 
2   24.6762    6.5000 -.83737E+02 -.52330E+03 -
.40478E+01 -.91056E+02 -.83699E+02 -.52334E+03    -
.5275 
3  24.6762 11.5349 -.10198E+03 -.54160E+03 
.79471E+01 -.96538E+02 -.10184E+03 -.54174E+03    
1.0353 
4  27.0000 1.4651 -.86603E+02 -.51679E+03 -
.55820E+01 -.90508E+02 -.86531E+02 -.51686E+03    -
.7433 
5  27.0000  6.5000 -.84167E+02 -.52319E+03 
.39250E+01 -.91104E+02 -.84132E+02 -.52323E+03    -
.5122 
6  27.0000  11.5349 -.10127E+03 -
.53305E+03.53209E+01 -.95148E+02 -.10121E+03 -
.53311E+03     .7059 
7  29.3238  1.4651-.87984E+02 -.52403E+03 -
.27788E+01 -.91803E+02 -.87966E+02 -.52405E+03    -
.3651 
8 29.3238  6.5000 -.84407E+02 -.52200E+03 -
.38707E+01 -.90961E+02 -.84373E+02 -.52203E+03    -
.5068 
9 29.3238 11.5349 -.10037E+03 -.52341E+03  
.26262E+01 -.93567E+02 -.10036E+03 -.52342E+03     
.3557 
 
ELEMENT NO.=    6 
1  .6762  13.4508 -.11276E+03 -.52659E+03 -
.46838E+01 -.95902E+02 -.11271E+03 -.52664E+03    -
.6484 
2 .6762   15.0000 -.11776E+03 -.52225E+03  
.11494E+01 -.96001E+02 -.11776E+03 -.52225E+03     
.1628 
3 .6762   16.5492 -.11168E+03 -.51596E+03  
.43119E+01 -.94146E+02 -.11164E+03 -.51600E+03     
.6110 
4 3.0000   13.4508 -.10888E+03 -.51285E+03 
.95465E+01 -.93259E+02 -.10866E+03 -.51307E+03   -
1.3530 
5 3.0000  15.0000 -.11365E+03 -.51789E+03  
.17222E+00 -.94731E+02 -.11365E+03 -.51789E+03     
.0244 
6  3.0000 16.5492 -.10734E+03 -.52099E+03  
.72200E+01 -.94249E+02 -.10721E+03 -.52111E+03     
.9997 
7 5.3238   13.4508 -.10691E+03 -.50987E+03 
.13204E+02 -.92517E+02 -.10647E+03 -.51031E+03   -
1.8747 
8 5.3238  15.0000 -.11144E+03 -.52431E+03  
.40043E+00 -.95362E+02 -.11144E+03 -.52431E+03     
.0556 
9 5.3238  16.5492 -.10489E+03 -.53679E+03  
.11334E+02 -.96252E+02 -.10460E+03 -.53708E+03    
1.5022 
 
ELEMENT NO.=    7 
1 6.7389  13.4508 -.10860E+03 -.50270E+03 -
.19531E+02 -.91695E+02 -.10763E+03 -.50367E+03   -
2.8301 
2  6.7607  15.0000 -.10954E+03 -.51310E+03 
.41341E+00 -.93397E+02 -.10954E+03 -.51311E+03     
.0587 
3 6.7826   16.5492 -.11284E+03 -.52409E+03 
.25461E+02 -.95539E+02 -.11127E+03 -.52566E+03    
3.5293 
4  9.2782  13.4508 -.11238E+03 -.61070E+03 
.23314E+02 -.10846E+03 -.11129E+03 -.61179E+03    
2.6728 
5  9.3750  15.0000 -.10569E+03 -.59095E+03 
.10764E+02 -.10450E+03 -.10545E+03 -.59119E+03   -
1.2700 
6  9.4718 16.5492 -.10165E+03 -.57285E+03 -
.36768E+02 -.10118E+03 -.98801E+02 -.57570E+03   -
4.4352 
7 11.8174  13.4508 -.15486E+03 -.93792E+03 
.67510E+02 -.16392E+03 -.14908E+03 -.94370E+03   
4.8916 
8 11.9893   15.0000 -.13835E+03 -
.87572E+03.20683E+02 -.15211E+03 -.13777E+03 -
.87630E+03   -1.6055 
9  12.1611   16.5492 -.12494E+03 -
.81691E+0.97832E+02 -.14128E+03 -.11137E+03 -
.83048E+03   -7.8944 
 
ELEMENT NO.=    8 
1 18.1826  13.4508 -.15486E+03 -.93792E+03 
.67512E+02 -.16392E+03 -.14908E+03 -.94370E+03   -
4.8917 
2 18.0107 15.0000 -.13835E+03 -.87572E+03  
.20682E+02 -.15211E+03 -.13777E+03 -.87630E+03    
1.6054 
3  17.8389 16.5492 -.12493E+03 -.81691E+03 
.97831E+02 -.14128E+03 -.11137E+03 -.83048E+03    
7.8943 
4  20.7218  13.4508 -.11238E+03 -
.61070E+03.23314E+02 -.10846E+03 -.11129E+03 -
.61179E+03   -2.6729 
5  20.6250  15.0000 -.10569E+03 -
.59095E+03.10763E+02 -.10450E+03 -.10545E+03 -
.59119E+03    1.2700 
6  20.5282  16.5492 -.10165E+03 -
.57285E+03.36768E+02 -.10118E+03 -.98801E+02 -
.57570E+03    4.4351 
7  23.2611   13.4508 -.10860E+03 
.50270E+03.19530E+02 -.91695E+02 -.10763E+03 -
.50367E+03    2.8301 
8  23.2393   15.0000 -.10954E+03 
.51311E+03.41375E+00 -.93397E+02 -.10954E+03 -
.51311E+03    -.0587 
9 23.2174  16.5492 -.11284E+03 -.52409E+03 
.25462E+02 -.95539E+02 -.11127E+03 -.52566E+03   -
3.5294 
 
     ELEMENT NO.=    9 
1 24.6762 13.4508 -.10691E+03 -.50987E+03  
.13204E+02 -.92517E+02 -.10647E+03 -.51031E+03    
1.8748 
2 24.676215.0000 -.11144E+03 -.52431E+03 -
.39967E+00 -.95362E+02 -.11144E+03 -.52431E+03    -
.0555 
3 24.6762 16.5492 -.10489E+03 -.53679E+03 
.11333E+02 -.96252E+02 -.10460E+03 -.53708E+03   -
1.5020 
4 27.0000   13.4508 -.10888E+03 -
.51285E+03.95468E+01 -.93259E+02 -.10866E+03 -
.51307E+03    1.3531 
5 27.0000   15.0000 -.11365E+03 -
.51789E+03.17177E+00 -.94731E+02 -.11365E+03 -
.51789E+03    -.0243 
6 27.0000   16.5492 -.10734E+03 -
.52099E+03.72194E+01 -.94249E+02 -.10721E+03 -
.52111E+03    -.9996 
7 29.3238   13.4508 -.11276E+03 -
.52659E+03.46840E+01 -.95902E+02 -.11271E+03 -
.52664E+03     .6484 
8 29.3238  15.0000 -.11776E+03 -.52225E+03 
.11492E+01 -.96002E+02 -.11776E+03 -.52225E+03    -
.1628 
9 29.3238   16.5492 -.11168E+03 -
.51596E+03.43116E+01 -.94146E+02 -.11164E+03 -
.51600E+03    -.6110 
 
          ELEMENT NO.=   10 
1  .6762  18.4651 -.10366E+03 -.51429E+03 
.25421E+00    -.92693E+02 -.10366E+03 -.51429E+03    
-.0355 
2  .6762  23.5000 -.85594E+02 -.51058E+03 -
.47613E+01 -.89426E+02 -.85540E+02 -.51063E+03    -
.6418 
3 .6762   28.5349 -.63107E+02 -.50609E+03  
.17497E+01 -.85379E+02 -.63100E+02 -.50610E+03     
.2263 
4  3.0000  18.4651 -.10129E+03 -.52559E+03 
.31828E+01 -.94031E+02 -.10127E+03 -.52561E+03    -
.4298 
5  3.0000  23.5000 -.86057E+02 -.51041E+03 
.79062E+01 -.89470E+02 -.85910E+02 -.51056E+03   -
1.0670 
6 3.0000  28.5349 -.66409E+02 -.49446E+03 -
.16119E+01 -.84130E+02 -.66403E+02 -.49446E+03    -
.2158 
7  5.3238  18.4651 -.99123E+02 -.53807E+03 
.70645E+01 -.95578E+02 -.99009E+02 -.53818E+03    -
.9218 
8 5.3238  23.5000 -.86729E+02 -.51143E+03 -
.12005E+02 -.89723E+02 -.86390E+02 -.51177E+03   -
1.6178 
9 5.3238  28.5349 -.69919E+02 -.48401E+03 -
.59271E+01 -.83089E+02 -.69835E+02 -.48409E+03    -
.8199 
 
         ELEMENT NO.=   11 
1 6.7889  18.4651 -.10532E+03 -.54773E+03 
.16048E+02 -.97957E+02 -.10473E+03 -.54831E+03    
2.0747 
2 6.7889  23.5000 -.75368E+02 -.52120E+03  
.80906E+00 -.89485E+02 -.75367E+02 -.52120E+03     
.1040 
3 6.7889  28.5349 -.73615E+02 -.49964E+03 -
.32567E+02 -.85989E+02 -.71139E+02 -.50212E+03   -
4.3462 
4 9.5000  18.4651 -.86739E+02 -.52659E+03 -
.40006E+02 -.91999E+02 -.83130E+02 -.53020E+03   -
5.1550 
5  9.5000 23.5000 -.80694E+02 -.52725E+03 -
.20256E+02 -.91192E+02 -.79777E+02 -.52817E+03   -
2.5919 
6  9.5000 28.5349 -.10284E+03 -.53289E+03 -
.18644E+02 -.95361E+02 -.10204E+03 -.53370E+03   -
2.4778 
7   12.2111   18.4651 -
.58645E+02.45151E+03.10043E+03 -.76524E+02 -
.34460E+02 .47570E+03  -13.5398 8   12.2111   
23.5000 -.76503E+02 -.47938E+03 -.45693E+02 -
.83382E+02 -.71386E+02 -.48449E+03   -6.3903 
9 12.2111  28.5349 -.12256E+03 -.51222E+03 
.90928E+01 -.95216E+02 -.12234E+03 -.51243E+03   -
1.3360 
 
          ELEMENT NO.=   12 
1 13.4508 18.4651 -.66342E+02 -.39835E+03 -
.14946E+03 -.69704E+02 -.89714E+01 -.45572E+03  -
20.9992 
2  13.4508   23.5000 -.13319E+03 
.44155E+03.59585E+02 -.86211E+02 -.12208E+03 -
.45266E+03  -10.5651 
3  13.4508  28.5349 -.11461E+03 -
.46967E+03.30292E+02 -.87642E+02 -.11205E+03 -
.47223E+03    4.8417 
4  15.0000 18.4651-.59702E+02 -.36073E+03 -.64763E-
03 -.63064E+02 -.59702E+02 -.36073E+03    -.0001 
5 15.0000 23.5000 -.12655E+03 -.40392E+03 -.28910E-
03 -.79572E+02 -.12655E+03 -.40392E+03    -.0001 
6 15.0000 28.5349 -.10797E+03 -.43204E+03 -.34664E-
03 -.81003E+02 -.10797E+03 -.43204E+03    -.0001 
7  16.5492  18.4651 -.66342E+02 -
.39835E+03.14946E+03 -.69704E+02 -.89719E+01 -
.45572E+03   20.9991 
8  16.5492 23.5000 -.13319E+03 -.44155E+03 
.59584E+02 -.86211E+02 -.12208E+03 -.45266E+03   
10.5649 
9  16.5492  28.5349 -.11461E+03 -.46967E+0 
.30293E+02 -.87642E+02 -.11205E+03 -.47223E+03   -
4.8418 
 
         ELEMENT NO.=   13 
1 17.7889 18.4651 -.58644E+02 -.45151E+03  
.10043E+03 -.76523E+02 -.34459E+02 -.47570E+03   
13.5398 
2 17.7889  23.5000 -.76503E+02 -.47938E+03 
.45693E+02 -.83382E+02 -.71386E+02 -.48449E+03    
6.3902 
3 17.7889 28.5349 -.12256E+03 -.51222E+03  
.90923E+01 -.95216E+02 -.12234E+03 -.51243E+03    
1.3360 
4 20.5000 18.4651 -.86738E+02 -.52659E+03  
.40006E+02 -.91999E+02 -.83129E+02 -.53020E+03    
5.1549 
5  20.5000 23.5000 -.80694E+02 -.52725E+03 
.20256E+02 -.91192E+02 -.79777E+02 -.52817E+03    
2.5919 
6  20.5000 28.5349 -.10284E+03 -.53289E+03 
.18644E+02 -.95361E+02 -.10204E+03 -.53370E+03    
2.4777 
7 23.2111 18.4651 -.10532E+03 -.54773E+03 -
.16048E+02 -.97957E+02 -.10473E+03 -.54831E+03   -
2.0747 
8 23.2111 23.5000 -.75368E+02 -.52120E+03 
.80935E+00 -.89485E+02 -.75366E+02 -.52120E+03    -
.1040 
9  23.2111   28.5349.73615E+02.49964E+03.32567E+02 
-.85989E+02 -.71140E+02 -.50212E+03    4.3462 
 
        ELEMENT NO.=   14 
 1 24.6762 18.4651 -.99122E+02-.53807E+03.70660E+01 
-.95578E+02 -.99009E+02 -.53818E+03     .9220 
 2 24.6762 23.5000 -.86729E+02 -
.51143E+03.12005E+02 -.89723E+02 -.86390E+02 -
.51177E+03    1.6179 
 3 24.6762  28.5349 -.69920E+02 -
.48401E+03.59270E+01 -.83089E+02 -.69835E+02 -
.48409E+03     .8199 
 4 27.0000 18.4651 -.10129E+03 -.52559E+03 
.31834E+01 -.94031E+02 -.10126E+03 -.52561E+03     
.4298 
 5 27.0000  23.5000 -.86056E+02 -
.51041E+03.79066E+01 -.89470E+02 -.85909E+02 -
.51056E+03    1.0670 
 6 27.0000  28.5349 -.66409E+02 -
.49446E+03.16121E+01 -.84130E+02 -.66403E+02 -
.49446E+03     .2158 
 7 29.3238  18.4651 -.10366E+03 -
.51429E+03.25465E+00 -.92693E+02 -.10366E+03 -
.51429E+03     .0355 
 8  29.3238 23.5000 -.85593E+02 -
.51058E+03.47617E+01 -.89426E+02 -.85540E+02 -
.51063E+03     .6419 
 9  29.3238 28.5349 -.63106E+02 -
.50609E+03.17493E+01 -.85379E+02 -.63099E+02 -
.50610E+03 -.2263 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
PROBLEM NO.2Stress Distribution Around An 
Underground 
                      Opening(Circular Shape) 
                   Under Plane Strain Condition 
                               
                                                               
 
NPOIN = 40   NELEM = 8  NVFIX = 13  NCASE = 1     
NTYPE = 2    NNODE = 8 NDOFN =2 NMATS = 1 NPROP =5     
NGAUS = 3    NDIME =   2   NSTRE = 3  NEVAB = 16 
 
ELEMENT  PROPERTY    NODE NUMBERS 
     1     1     1    7   12   11   20   19   18    
9 
     2     1     1    2    3    6   14   13   12    
7 
     3     1     3    4    5    8   16   15   14    
6 
     4     1     5   10   23   22   21   17   16    
8 
     5     1    18   19   20   24   25   33   36   
31 
     6     1    27   35   38   37   36   33   25   
26 
     7     1    29   34   40   39   38   35   27   
28 
     8     1    21   22   23   32   40   34   29   
30 
 
 
  NODAL POINT COORDINATES 
  NODE       X         Y 
     1      .000      .000 
     2     7.500      .000 
     3    15.000      .000 
     4    22.500      .000 
     5    30.000      .000 
     6    15.000     6.250 
     7     6.616     6.616 
     8    23.384     6.616 
     9      .000     7.500 
    10    30.000     7.500 
    11    12.690    14.043 
    12    13.232    13.232 
    13    14.043    12.690 
    14    15.000    12.500 
    15    15.957    12.690 
    16    16.768    13.232 
    17    17.310    14.043 
    18      .000    15.000 
    19     6.250    15.000 
    20    12.500    15.000 
    21    17.500    15.000 
    22    23.750    15.000 
    23    30.000    15.000 
    24    12.690    15.957 
    25    13.232    16.768 
    26    14.043    17.310 
    27    15.000    17.500 
    28    15.957    17.310 
    29    16.768    16.768 
    30    17.310    15.957 
    31      .000    22.500 
    32    30.000    22.500 
    33     6.616    23.384 
    34    23.384    23.384 
    35    15.000    23.750 
    36      .000    30.000 
    37     7.500    30.000 
    38    15.000    30.000 
    39    22.500    30.000 
    40    30.000    30.000 
 
 
 RESTRAINED NODES 
 NODE CODE      FIXED VALUES 
    1   11   .000000   .000000 
    2   11   .000000   .000000 
    3   11   .000000   .000000 
    4   11   .000000   .000000 
    5   11   .000000   .000000 
    9   10   .000000   .000000 
   10   10   .000000   .000000 
   18   10   .000000   .000000 
   23   10   .000000   .000000 
   31   10   .000000   .000000 
   32   10   .000000   .000000 
   36   10   .000000   .000000 
   40   10   .000000   .000000 
 
 
  MATERIAL PROPERTIES 
  NUMBER       PROPERTIES 
     1          .37515 E+05   .150000E+00   
.000000E+00   .123000E-01   .000000E+00 
 
 
MAX FRONTWIDTH ENCOUNTERED =   22 
0  INTE  AL P  SSUR  LOAD  G                                   
LOAD CASE =  1 
    0    0    1    0 
 
     NO. OF LOADED EDGES =    2 
 
     LIST OF LOADED EDGES AND APPLIED LOADS 
         6        38   37   36 
   500.000   500.000   500.000  .000   .000      
.000 
         7        40   39   38 
   500.000   500.000   500.000  .000   .000      
.000 
      TOTAL NODAL FORCES FOR EACH ELEMENT 
1.0000E+00  .0000E+00   .0000E+00   .0000E+00      
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
2.0000E+00  .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
3.0000E+00  .0000E+00   .0000E+00   .0000E+00    
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
4.0000E+00  .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
5 .0000E+00 .0000E+00   .0000E+00  .0000E+00    
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
6.0000E+00  .0000E+00   .0000E+00   .0000E+00  
-.1589E-03  -.1250E+04  -.2119E-03 -.5000E+04 
-.1589E-03  -.1250E+04   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
7 .0000E+00 .0000E+00   .0000E+00   .0000E+00    
-.1589E-03  -.1250E+04  -.2119E-03 -.5000E+04 
-.1589E-03  -.1250E+04  .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
8.0000E+00  .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
.0000E+00   .0000E+00   .0000E+00   .0000E+00   
.0000E+00   .0000E+00   .0000E+00   .0000E+00 
     DISPLACEMENTS 
     NODE     X-DISP.       Y-DISP. 
         1   .000000E+00   .000000E+00 
         2   .000000E+00   .000000E+00 
         3   .000000E+00   .000000E+00 
         4   .000000E+00   .000000E+00 
         5   .000000E+00   .000000E+00 
         6  -.361286E-07  -.836030E-01 
         7   .233232E-02  -.105185E+00 
         8  -.233232E-02  -.105185E+00 
         9   .000000E+00  -.122630E+00 
        10   .000000E+00  -.122630E+00 
        11  -.761013E-02  -.206869E+00 
        12  -.332801E-02  -.178150E+00 
        13   .678213E-03  -.156093E+00 
        14   .550532E-07  -.146174E+00 
        15  -.678103E-03  -.156093E+00 
        16   .332814E-02  -.178151E+00 
        17   .761027E-02  -.206870E+00 
        18   .000000E+00  -.240365E+00 
        19  -.742608E-02  -.240789E+00 
        20  -.105848E-01  -.242109E+00 
        21   .105848E-01  -.242109E+00 
        22   .742609E-02  -.240789E+00 
        23   .000000E+00  -.240365E+00 
        24  -.792065E-02  -.277283E+00 
        25  -.362928E-02  -.306534E+00 
        26  -.100896E-02  -.329426E+00 
        27  -.152137E-06  -.338372E+00 
        28   .100864E-02  -.329427E+00 
        29   .362896E-02  -.306535E+00 
        30   .792039E-02  -.277284E+00 
        31   .000000E+00  -.356947E+00 
        32   .000000E+00  -.356947E+00 
        33   .247427E-02  -.375985E+00 
        34  -.247433E-02  -.375986E+00 
        35   .322370E-07  -.404702E+00 
        36   .000000E+00  -.477000E+00 
        37   .493595E-02  -.481506E+00 
        38   .123239E-06  -.491215E+00 
        39  -.493584E-02  -.481507E+00 
        40   .000000E+00  -.477000E+00 
     
 
     REACTIONS 
     NODE     X-FORCE       Y-FORCE 
         1   .310631E+03   .124634E+04 
         2  -.268864E+03   .513606E+04 
         3   .101694E-02   .223521E+04 
         4   .268866E+03   .513607E+04 
         5  -.310631E+03   .124634E+04 
         9   .877656E+03   .000000E+00 
        10  -.877657E+03   .000000E+00 
        18   .624882E+03   .000000E+00 
        23  -.624883E+03   .000000E+00 
        31   .868737E+03   .000000E+00 
        32  -.868735E+03   .000000E+00 
        36   .161126E+03   .000000E+00 
        40  -.161128E+03   .000000E+00 
 
 
 
 
 
 
 
 
          STRESSES 
 
0G.P. X-COORD. Y-COORD. X-STRESS Y-STRESS   XY-
STRESS   Z-STRESS    MAX P.S.    MIN P.S.      
ANGLE 
 
 
         ELEMENT NO.=    1 
1  1.4741  3.0105 -.72064E+02 -.52912E+03 -
.13097E+02 -.90178E+02 -.71689E+02 -.52950E+03   -
1.6400 
2 1.4302  8.2374 -.99537E+02 -.51971E+03 -
.84851E+01 -.92887E+02 -.99366E+02 -.51988E+03   -
1.1564 
3 1.4101   3.4743 -.12595E+03 -.51026E+03 -
.43837E+01 -.95432E+02 -.12590E+03 -.51031E+03    -
.6535 
4 6.5397   7.5464 -.67347E+02 -.52100E+03  
.16263E+02 -.88253E+02 -.66765E+02 -.52159E+03    
2.0505 
5  6.3451 10.7717 -.92995E+02 -.52705E+03  
.67422E+01 -.93007E+02 -.92890E+02 -.52716E+03     
.8897 
6 6.2561  14.0406 -.11529E+03 -.53106E+03 -
.94450E+01 -.96954E+02 -.11508E+03 -.53128E+03   -
1.3007 
7 11.6053 12.0824 -.62365E+02 -.62448E+03  
.78637E+02 -.10303E+03 -.51571E+02 -.63528E+03    
7.8155 
8 11.2601 13.3059 -.11184E+03 -.72818E+03  
.56188E+02 -.12600E+03 -.10676E+03 -.73326E+03    
5.1665 
9 11.1021 14.6069 -.14867E+03 -.80591E+03 -
.51503E+01 -.14319E+03 -.14863E+03 -.80595E+03    -
.4489 
 
     ELEMENT NO.=    2 
1 3.0105   1.4741 -.10004E+03 -.56284E+03  
.15001E+02 -.99431E+02 -.99553E+02 -.56332E+03    
1.8546 
2 7.5464    6.5397 -.84790E+02 -.50482E+03 
.30708E+02 -.88442E+02 -.82557E+02 -.50705E+03    
4.1593 
3 12.0824  11.6053 -.47656E+02 -.56419E+03 
.87750E+02 -.91777E+02 -.33156E+02 -.57869E+03    
9.3829 
4 8.2374   1.4302 -.93675E+02 -.51519E+03  
.12434E+02 -.91330E+02 -.93309E+02 -.51556E+03    
1.6881 
5 10.7717 6.3451 -.85815E+02 -.43780E+03  
.29447E+02 -.78543E+02 -.83369E+02 -.44025E+03    
4.7493 
6 13.3059 11.2601 -.63004E+02 -.41064E+03  
.84813E+02 -.71046E+02 -.43416E+02 -.43022E+03   
13.0049 
 7  13.47431.4101 -.89068E+02 -.47766E+03  
.57454E+01 -.85010E+02 -.88983E+02 -.47775E+03     
.8469 
 8 14.0406  6.2561 -.91823E+02 -.39450E+03 
.19254E+02 -.72949E+02 -.90603E+02 -.39572E+03    
3.6252 
 9 14.606911.1021 -.10244E+03 -.31726E+03  
.49547E+02 -.62955E+02 -.91565E+02 -.32813E+03   
12.3819 
 
         ELEMENT NO.=    3 
 1 16.5257  1.4101 -.89068E+02 -.47766E+03 
.57458E+01 -.85010E+02 -.88983E+02 -.47775E+03    -
.8469 
 2 15.9594    6.2561 -.91823E+02 
.39450E+03.19254E+02 -.72949E+02 -.90603E+02 -
.39572E+03   -3.6252 
 3 15.3931 11.1021 -.10244E+03 -.31726E+03 
.49549E+02 -.62955E+02 -.91565E+02 -.32814E+03  -
12.3823 
 4 21.7626 1.4302 -.93675E+02 -.51519E+03 -
.12434E+02 -.91330E+02 -.93309E+02 -.51556E+03   -
1.6881 
 5 19.2283 6.3451 -.85815E+02 -.43780E+03 -
.29447E+02 -.78543E+02 -.83369E+02 -.44025E+03   -
4.7493 
 6 16.6941 11.2601 -.63004E+02 -.41064E+03 
.84813E+02 -.71046E+02 -.43416E+02 -.43023E+03  -
13.0050 
 7 26.9895 1.4741 -.10004E+03 -.56284E+03 -
.15001E+02 -.99431E+02 -.99553E+02 -.56332E+03   -
1.8546 
 8 22.4536 6.5397 -.84790E+02 -.50482E+03 -
.30708E+02 -.88442E+02 -.82557E+02 -.50705E+03   -
4.1593 
 9 17.9176 11.6053 -.47656E+02 -.56419E+03 
.87750E+02 -.91777E+02 -.33156E+02 -.57869E+03   -
9.3829 
 
          ELEMENT NO.=    4 
 1 28.5259 3.0105 -.72064E+02 -.52912E+03  
.13097E+02 -.90178E+02 -.71689E+02 -.52950E+03    
1.6400 
 2 23.4603  7.5464 -.67347E+02 -.52101E+03 
.16263E+02 -.88253E+02 -.66765E+02 -.52159E+03   -
2.0504 
 3 18.3947 12.0824 -.62365E+02 -.62448E+03 
.78637E+02 -.10303E+03 -.51571E+02 -.63528E+03   -
7.8155 
 4 28.5698 8.2374 -.99537E+02 -.51971E+03  
.84850E+01 -.92887E+02 -.99366E+02 -.51988E+03    
1.1564 
 5 23.6549 10.7717 -.92995E+02 -.52705E+03 
.67420E+01 -.93007E+02 -.92891E+02 -.52716E+03    -
.8897 
 6 18.7399 13.3059 -.11184E+03 -
.72818E+03.56188E+02 -.12600E+03 -.10676E+03 -
.73326E+03   -5.1665 
7 28.5899 13.4743 -.12596E+03 -.51026E+03  
.43835E+01 -.95432E+02 -.12591E+03 -.51031E+03     
.6534 
8 23.7439 14.0406 -.11529E+03 -.53106E+03  
.94452E+01 -.96954E+02 -.11508E+03 -.53128E+03    
1.3007 
9 18.8979 14.6069 -.14867E+03 -.80592E+03  
.51499E+01 -.14319E+03 -.14863E+03 -.80596E+03     
.4489 
 
        ELEMENT NO.=    5 
 1 1.4101 16.5257 -.12554E+03 -.50804E+03  
.32154E+01 -.95037E+02 -.12552E+03 -.50806E+03     
.4816 
 2 1.4302 21.7626 -.97877E+02 -.51288E+03  
.60724E+01 -.91614E+02 -.97788E+02 -.51297E+03     
.8381 
 3 1.4741 26.9895 -.68598E+02 -.51756E+03  
.97756E+01 -.87924E+02 -.68385E+02 -.51777E+03    
1.2468 
 4 6.2561 15.9594 -.11574E+03 -.53191E+03  
.54091E+01 -.97147E+02 -.11567E+03 -.53198E+03     
.7445 
 5 6.3451 19.2283 -.93135E+02 -.52508E+03 -
.10928E+02 -.92732E+02 -.92859E+02 -.52536E+03   -
1.4483 
 6 6.5397 22.4536 -.65930E+02 -.51580E+03 -
.20775E+02 -.87260E+02 -.64972E+02 -.51676E+03   -
2.6385 
 7 11.1021 15.3931 -.14956E+03 -.80455E+03 
.34100E+01 -.14312E+03 -.14955E+03 -.80457E+03    -
.2983 
 8 11.260116.6941 -.11466E+03 -.73048E+03 -
.62793E+02 -.12677E+03 -.10832E+03 -.73681E+03   -
5.7633 
 9 11.605317.9176 -.63150E+02 -.62864E+03 -
.85292E+02 -.10377E+03 -.50565E+02 -.64122E+03   -
8.3932 
 
           ELEMENT NO.=    6 
 1 14.606918.8979 -.80095E+02 -.32567E+03 -
.44944E+02 -.60865E+02 -.72128E+02 -.33364E+03  -
10.0518 
 2 13.305918.7399 -.65019E+02 -.41144E+03 -
.83948E+02 -.71470E+02 -.45748E+02 -.43072E+03  -
12.9286 
 3 12.0824 18.3947 -.70892E+02 -.57818E+03 
.10396E+03 -.97362E+02 -.50412E+02 -.59866E+03  -
11.1438 
 4  14.040 23.7439 -.11516E+03 -.41211E+03 
.32859E+02 -.79092E+02 -.11157E+03 -.41571E+03   -
6.2395 
 5 10.7717 23.6549 -.87779E+02 -.44195E+03 
.34082E+02 -.79460E+02 -.84529E+02 -.44520E+03   -
5.4470 
6 7.5464   23.4603 -.65888E+02 -.49902E+03 
.28384E+02 -.84736E+02 -.64036E+02 -.50087E+03   -
3.7335 
7 13.4743 28.5899 -.12286E+03 -.49496E+03 -
.23941E+02 -.92672E+02 -.12132E+03 -.49649E+03   -
3.6663 
8 8.2374  28.5698 -.94400E+02 -.51767E+03 -
.18546E+02 -.91810E+02 -.93589E+02 -.51848E+03   -
2.5040 
9  3.0105  28.5259 -.67430E+02 -.54872E+03 
.72603E+01 -.92423E+02 -.67320E+02 -.54883E+03    -
.8640 
 
 
         ELEMENT NO.=    7 
1 17.9176 18.3947 -.70891E+02 -.57818E+03  
.10396E+03 -.97361E+02 -.50411E+02 -.59866E+03   
11.1439 
2 16.6941   18.7399 -.65018E+02 -
.41144E+03.83946E+02 -.71469E+02 -.45748E+02 -
.43071E+03   12.9285 
3 15.3931 18.8979 -.80095E+02 -.32567E+03  
.44940E+02 -.60865E+02 -.72130E+02 -.33364E+03   
10.0511 
4  22.4536 23.4603 -.65888E+02 -.49902E+03 
.28385E+02 -.84736E+02 -.64036E+02 -.50087E+03    
3.7336 
5 19.2283  23.6549 -.87779E+02 -.44195E+03 
.34082E+02 -.79459E+02 -.84529E+02 -.44520E+03    
5.4470 
6 15.9594 23.7439 -.11516E+03 -.41211E+03  
.32858E+02 -.79092E+02 -.11157E+03 -.41571E+03    
6.2393 
7  26.9895 28.5259-.67430E+02 -.54872E+03  
.72608E+01 -.92423E+02 -.67321E+02 -.54883E+03     
.8641 
8 21.7626 28.5698 -.94401E+02 -.51767E+03  
.18545E+02 -.91810E+02 -.93590E+02 -.51848E+03    
2.5040 
9 16.5257  28.5899 -.12286E+03-.49496E+03  
.23940E+02 -.92673E+02 -.12133E+03 -.49649E+03    
3.6662 
 
         ELEMENT NO.=    8 
 1 18.8979 15.3931-.14956E+03 -.80455E+03  
.34090E+01 -.14312E+03 -.14954E+03 -.80457E+03     
.2982 
 2 18.7399 16.6941-.11465E+03 -.73048E+03  
.62794E+02 -.12677E+03 -.10832E+03 -.73681E+03    
5.7633 
 3 18.3947 17.9176 -.63148E+02 -.62864E+03 
.85293E+02 -.10377E+03 -.50564E+02 -.64122E+03    
8.3932 
 4 23.7439 15.9594 -.11574E+03-.53191E+03 -
.54090E+01 -.97147E+02 -.11567E+03 -.53198E+03    -
.7445 
 5 23.6549 19.2283 -.93134E+02-.52508E+03  
.10928E+02 -.92732E+02 -.92858E+02 -.52536E+03    
1.4483 
6 23.4603 22.4536 -.65929E+02 -.51580E+03  
.20776E+02 -.87260E+02 -.64972E+02 -.51676E+03    
2.6385 
728.5899  16.5257 -.12554E+03 -.50804E+03 -
.32156E+01 -.95037E+02 -.12552E+03 -.50806E+03    -
.4816 
8 28.5698 21.7626 -.97877E+02 -.51288E+03 -
.60726E+01 -.91614E+02 -.97788E+02 -.51297E+03    -
.8381 
9 28.5259 26.9895 -.68598E+02 -.51756E+03 -
.97756E+01 -.87924E+02 -.68385E+02 -.51777E+03   -
1.2468 
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